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ABSTRACT
The analysis of ground movements and nonlinear response of buildings induced by
excavations in glacial clay deposits is conducted using finite element models built in PLAXIS2D
and OpenSees. PLAXIS2D was used to simulate the performance of an urban cofferdam
excavation braced with a concrete bracing system. Measured ground movements were compared
with the computed response and the influence of the temperature, installation, and curing effects
on the concrete bracing is evaluated. Concrete time-dependent effects contributed to 32% of the
maximum lateral wall movements. The numerical studies are expanded in a second finite element
analysis to characterize the coupled fluid-solid response of fully saturated soils. Parametric
analyses are conducted, and a design method aimed at determining the governing drainage
characteristics, changes in excess pore water pressures, and ground movements induced by the
excavation is presented. The method is validated with published case histories. The proposed
method adequately described the pore water pressure buildup and excavation-induced ground
deformations.
A quasi-static framework for the modeling of fully saturated soils under partially drained
or fully undrained conditions is presented. The implementation of a traction interface for the
interaction between soil and foundation is also presented. Results confirmed the assumption that
initial gravity forces acting on buildings can lead to more flexible responses, developing settlement
profiles similar to those computed under free-field conditions.
The nonlinear-inelastic building response to excavation-induced ground movements in
glacial clay deposits is evaluated for the first time in the technical literature using OpenSees. Soilstructure interaction effects are parametrically studied, varying the proximity of the buildings to
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the excavation, the building aspect ratio, and stiffness and strength of beams and columns. Deepseated movements caused beams to mobilize their flexural capacity and form plastic hinges.
Curvature ductilities up to a maximum of five were computed for buildings designed for low LLD.
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CHAPTER ONE: INTRODUCTION
Future megacities, projected to reach a population near 12 billion (67% of world
population) in 2050 according to the United Nations , will require the construction of underground
transit systems, parking garages, utilities, and other underground infrastructure to overcome the
limited above-ground space available in urban areas. Deep excavations will be carried out to
connect urban centers with mass transit tunnels in reduced buildable spaces and to build deep
foundation systems of high-rise structures. Excavations will increase in frequency and size as the
population in urban centers grow. The understanding of ground movements and response of nearby
infrastructure induced by urban excavations will be vital to protect and safeguard, not only the
structural integrity of buildings, but also the life of their occupants. Currently, the coupled
interaction between site-specific soil and groundwater conditions, type of excavation support
system, and impact in adjacent infrastructure is often ignored in deep excavation designs. During
an excavation, unbalanced earth pressures in active and passive sides, changes in groundwater
conditions, and shear stiffness degradation of the constituent soil materials lead to lateral wall
movements and ground deformations which cause translation, rotation, deformation, distortion,
and damage to urban infrastructure contained within the influence zone. In urban environments, it
is necessary to accurately predict ground movements caused by excavations and limit those to
allowable tolerances to safeguard structures. Tracking demands of pore water pressure buildup as
the excavation progresses and identifying possible sources of additional movements (e.g.,
construction problems during the installation of bracing systems) can be used to accomplish those
goals.
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The first section of this dissertation focuses on the evolution and determination of ground
movements induced by urban excavations. Specifically, the evaluation of construction-induced
effects on the performance of an urban excavation and the development of a methodology aimed
at predicting excavation-induced ground movements. The former is accomplished developing a
numerical model to simulate the observed performance of a cofferdam and then study
parametrically the proposed effects using two advanced constitutive models for the structural and
soil behavior. The latter is obtained based on numerical simulations to evaluate the changes in
excess pore water pressures, drainage characteristics (i.e., globally drained, undrained, or partially
drained), and ground deformations induced by a deep excavation. Soil behavior is captured using
the Hypoplasticity clay model using parameters based on previous works made in clayey soils with
similar geological depositions and settings.
The Hypoplasticity model for clays (Mašín 2014; Mašín and Rott 2014) is used in this
dissertation to model the behavior of soft to medium and stiff glacial clays, which are the
predominant subsurface soils encountered at the project site. This model uses the principles of
critical-state soil mechanics to capture small strain stiffness nonlinearity, recent stress-history
effects, large-strain asymptotic behavior, and reproduce compressibility and shearing behavior of
clays under stress paths typically mobilized in deep excavations (Arboleda-Monsalve et al. 2017).
The model also employs anisotropic stiffness material coefficients to capture the influence of soil
anisotropy on the very small strain stiffness.
The inelastic mechanisms caused by excavation-induced ground movements in nearby
moment resisting frame (MRF) structures is studied in the second part of this dissertation. A finiteelement model of a mid-rise building placed next to a deep excavation was conducted in OpenSees
to study internal re-distributions of moment, axial, and shear forces computed in the structural
2

members, lateral and vertical distortions, and inelastic mechanisms developed in the building. The
finite-element model included fully coupled fluid-solid behaviors and soil-structure interaction
attributed to the contact between the soil and the foundation. Modeling guidelines for accurate and
realistic simulation of urban excavations and nearby structures are included in this dissertation. In
addition, numerical models of masonry infilled frames are presented using a contact law based on
a cohesive zone model and frictional Coulomb’s law. The adopted cohesive law is characterized
by an exponential relationship between relative displacement, traction, and strength in the normal
and shear directions.
Scope and Objectives
The scope of work of the present research includes:
•

Numerical determination of constitutive soil parameters of compressible glacial clays
based on based on Arboleda-Monsalve (2014) and previous works made by Finno and
Chung (1992) and Finno and Harahap (1991).

•

Evaluation of the effects of low concrete curing temperatures, rapid cycles of soil
removal and placement of ring beam lateral bracings, and concrete time-dependent
effects on the performance of an urban cofferdam.

•

Two-dimensional modeling of bottom-up excavations that accounts for the fully
coupled fluid-solid behavior of soils and temperature and curing effects of concrete
bracing systems.

•

Formulation of a modeling framework for the simulation of an excavation with a nearby
structures including the effects of soil-structure interaction.
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•

Formulation of a modeling framework for the simulation of MRF structures subjected
to ground movements caused by an adjacent excavation. The modeling strategy
includes the plastic section response of beams and columns and the relative vertical
movement between soil and building during an excavation.

The objectives of the present research include:
•

To develop a method for estimating the fully coupled solid-fluid behavior of deep
excavations in clays as a function of the hydraulic conductivity of the soil and
excavation rate.

•

To describe and identify site-specific effects that influenced the behavior of an urban
cofferdam excavation.

•

To evaluate the drainage conditions that affect the behavior of retained and basal soil
during the cyclic unloading sequence in deep excavations.

•

To describe, define, and identify the variable associated with the fully coupled fluidsolid behavior of cohesive soils in deep excavations.

•

To evaluate the nonlinear-inelastic response of MRF buildings when subjected to
excavation-induced ground movements.

•

To describe, define, and identify the variables associated with the vertical response of
MRF buildings adjacent to deep excavation in glacial clay deposits.

•

To development a exponential cohesive zone law accounting for changes in strength
with the confinement pressure using a mixed mode cohesive model.

4

Content of Dissertation
Chapter 2 presents a review of various aspects that affect the performance of deep
excavations. The factors affecting ground movements resulting from deep excavations related to
concrete material time-dependence of the support system, temperature variations of the lateral
bracings, construction-related issues during the installation of the deep foundations, and
groundwater conditions of the site are also discussed. In addition, a review of damage to adjacent
infrastructure induced by excavations reported in case histories and computed using numerical
modeling techniques is presented.
Chapter 3 presents the influence of low concrete curing temperatures, rapid cycles of soil
removal and placement of ring beam lateral bracings, and concrete time-dependent effects on the
performance of an urban cofferdam. This was accomplished developing a numerical model to
simulate the observed performance of the cofferdam and then study parametrically the proposed
effects. Two advanced constitutive models for the structural and soil behavior were used.
Chapter 4 presents a method based on numerical simulations for the determination of
excess pore water pressure changes and drainage characteristics (i.e., globally drained, undrained,
or partially drained) and ground deformations induced by a deep excavation. The method provides
guidance to practitioners and researchers on establishing the conditions necessary from a fully
coupled solid-fluid deformational analysis perspective to reach excavation responses characterized
by drained, undrained, or partially drained conditions.
Chapter 5 presents modeling guidelines for the analysis of deep excavations and nearby
MRF structures using OpenSees. Input modeling strategies include soil-structure interaction, solidfluid interaction (i.e., development and dissipation of excess pore water pressures), stage
5

construction, nonlinear coupled soil-structure behavior, cross sectional properties and materials.
The chapter also presents a quasi-static type analysis currently unavailable in OpenSees and
required for modeling excess pore water pressures arising from typical excavation unloading
processes.
Chapter 6 presents the finite element analysis of a nonlinear MRF building next to a deep
excavation conducted in OpenSees to study the effects of the excavation in the internal forces of
structural members, lateral and vertical distortions, and structural behavior of the building. The
effects of soil-structure interaction were also included in finite-element analyses.
Chapter 7 presents the vertical response to excavation-induced ground movements of
nonlinear-inelastic MRF buildings. A method based on the results obtained in chapter six is
presented to determine the dimensionless vertical stiffness of the buildings and estimate the
curvature ductility caused by an adjacent excavation.
Chapter 8 summarizes the results and present the conclusions of this dissertation.
Chapter 9 presents the formulation and implementation of a cohesive zone model to
describe the fracture process observed in infilled framed structures. Constitutive parameters for a
masonry wall are determined based on available laboratory test results and a finite-element model
for a pushover analysis of a masonry-infilled single framed structure is analyzed and compared
with experimental data.
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CHAPTER TWO: LITERATURE REVIEW
This chapter presents a review of various aspects that affect the performance of deep
excavations. The factors affecting ground movements resulting from deep excavations related to
concrete material time-dependence of the support system, temperature variations of the lateral
bracings, construction-related issues during the installation of deep foundations, and groundwater
conditions of the site are also discussed. In addition, a review of damage induced in adjacent
infrastructure by excavations reported in case histories and computed using numerical modeling
techniques is presented.

Ground Deformations of Deep-Excavations in Urban Areas
Excavation-induced ground movements may exhibit a pattern of deformations depending
on the bracing and wall stiffness, construction sequence, and type of soil. Figure 1 illustrates three
typical profiles of movements presented by Clough and O’Rourke (1990) obtained from
inclinometer and settlement measurements. Initially, a cantilever lateral wall movement profile as
shown in Figure 1(a) may be observed during the initial phases of an excavation. It is common
practice to install the first level of bracings once the soil is excavated until a depth of approximately
1.5 m. This causes the wall to deform in cantilever. Lack of stiffness of upper bracing levels against
lateral wall movements or passive retaining systems can also trigger initial cantilever-type
movements. The adjacent soil mass initially deforms in a triangular distribution similar to the wall
deformation at the initial cantilever stage. This type of profile is characteristic of flexible retaining
structures, e.g. sheet pile walls, soldier pile and lagging walls, and cantilever walls. A second
profile is presented in Figure 1(b). As the excavation advances, lateral wall movements closer to
the ground surface are partially retrained by the installation of new supports or stiffening of
existing support members. Thus, deep inward movements occur, also called deep-seated
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movements, which are shown in the figure as an incremental shaded component of the total
displacements. This movement is mainly attributed to the high compressibility response of soils
(e.g., soft to medium clays and loose sands) when subjected to excavation unloading. A cumulative
deformation as a result of the combination of cantilever and deep inward movements is presented
in Figure 1(c). When deep inward movement is the predominant profile of deformation, the soil
mass adjacent to the excavation will display a trapezoidal-like distribution as illustrated in the
figure. However, when cantilever movement is predominant, which is the case of stiff soils (e.g.,
dense sands or stiff to hard clays), a triangular deformation distribution pattern forms in the soil
adjacent to the excavation. The effects of those deformation patterns in moment-resisting frame
structures adjacent to the excavation have not been investigated in geotechnical engineering.

Figure 1. Typical profile of movement for braced deep excavations. After Clough and
O’Rourke (1990)
The design process consists of selecting a proper retaining structure to support earth and
water pressures arising from the excavation and minimize induced ground movements. Research
efforts have been made to estimate wall movements due to deep excavations, especially in urban
environments, where they tend to increase the risk associated with potential damage to adjacent
8

utilities and infrastructure. Figure 2(a) presents typical envelopes for the calculation of maximum
vertical movements resulting from excavation and bracing stages of construction presented by
Clough and O’Rourke (1990). Note that the zone affected by the excavation ranges from two to
three times the final excavation depth depending on the type of soil predominant at the site. Hsieh
and Ou (1998) introduced a method for predicting the shape vertical ground movements (not an
envelope of maximum values) using values observed in different case histories (Figure 2b). The
method proposed by Hsieh and Ou (1998) is used in excavation designs to determine a distribution
of settlements (i.e., settlement trough), which can be used to preliminarily assess the safety of
adjacent buildings.
(a)

(b)

Figure 2. Vertical ground movements for different type of soils. (a) Clough and O’
Rourke (1990) and (b) Ou (2006)

Infrastructure located within the primary influence zone defined by Hsieh and Ou (1998)
may be affected by large differential settlements and depending on the column spacing, large
distortions can occur. Such conditions can cause soil to mobilize values of shear strength and loss
of bearing capacity as soils degrade their stiffness. The methods proposed by Peck (1969), Ou
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(2006), or Clough and O’Rourke (1990) can be used to estimate maximum vertical ground
movements arising from excavations. The determination of settlement troughs and zone of
influences associated with the excavations can be determined using Hsieh and Ou (1998). Those
methods will also be considered in this research to evaluate distortion levels to frame structures as
an excavation advance.
In addition, excavation performances of several case histories along with the lessons
learned were compiled and presented by Clough and O’Rourke (1990), Long (2001), Wang et al
(2010), among others. These studies essentially present relationships between horizontal or vertical
deformations versus wall height or excavation depth and can be used to estimate excavationinduced ground movements for different types of retaining structures, soils, and bracing systems.
For example, Clough and O’Rourke (1990) reported ratios of horizontal deformation to excavation
depth (𝛿ℎ,𝑚𝑎𝑥 /𝐻𝑒 ) ranging from 0.2 to 0.3% for excavations in stiff soils using stiff support
systems, whereas ratios of 0.5% were reported for flexible retaining walls. Similarly, Long (2001)
analyzed an extensive database of case histories for different braced excavations. Ratios for
excavations in soft soils ranging from 0.05 to 2% were reported. Later, Wang et al. (2010) found
that for stiff walls, 𝛿ℎ,𝑚𝑎𝑥 /𝐻𝑒 ratios ranged from 0.1 to 1.0% averaging about 0.4%, while flexible
walls had larger and more scattered normalized ratios of approximately 1.5%.
In excavation designs and estimation of excavation-related movements, it is necessary a
judicious analysis of the ground conditions, construction techniques, and potential sources of
deformations. If sources of deformation are not properly identified during the design phases,
ground movements will be larger than those initially estimated. For example, during the
construction of Willis Tower (formerly Sears Tower) in Chicago, construction of rock caissons
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caused removal of sands and silts from water pumping operations (Baker and Gill 1985).
Approximately 250 mm of ground surface settlement occurred on adjacent streets.
Time dependent Effects of Concrete on Excavations
Clough and O’Rourke (1990) found that excavation-induced movements are not only
attributed to the stress relief of soils but also caused by the wall installation process, construction
technique (i.e., workmanship), and pore water pressures. The connectivity between lateral bracings
and sheet pile wall, the magnitude of cantilever depth before the first bracing level is installed, the
site-specific groundwater conditions, the natural compliance effects between sheet pile
components (i.e., rotational and translational stiffness of sheet pile interlocks), and installation
temperature and curing periods for concrete members, have contributed to the ground deformations
arising from urban cofferdam excavations (Benmebarek et al. 2005; Finno et al. 2014; UribeHenao 2017; Uribe-Henao and Arboleda-Monsalve 2017; Arboleda-Monsalve et al. 2018; UribeHenao et al. 2018, 2021a).
Concrete time-dependent effects are rarely cited in the technical literature as a source of
excavation-induced ground movements. Only few case studies have shown that concrete
shrinkage, creep, and nonlinear evolution of material strength and stiffness (i.e., aging) in concrete
bracings contribute to the ground movements resulting from urban excavations. Concrete
shrinkage effects on excavation-induced lateral wall movements have been reported by Whittle et
al. (1993), Haghayeghi and Mirzakashani (1994), Kung (2009), Finno (2010), and ArboledaMonsalve and Finno (2015), mostly for top-down constructions with cast-in-place concrete slabs
with large environmentally exposed area and perimeter (i.e., large notional size), increasing the
effects of concrete time dependency in the excavation response. Liu et al. (2005) studied concrete
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“creep” effects for a deep excavation in Shanghai for the construction of a Metro station. The
performance of a concrete diaphragm wall braced with steel struts and an intermediate concrete
slab was studied in terms of wall deflections, ground movements, earth and pore water pressures.
Figure 3(a) illustrates the excavation layout, filed instrumentation, location of the water table, and
the location of the intermediate slab, denoted in the figure as “middle slab”. Figure 3(b) shows the
evolution of maximum lateral wall movement with the excavation stages. Liu et al. concluded that
“creep” deflections in the wall were not significant during the 60-day period of curing of the slab,
Stage 4(d) in Figure 3(b), and observed that increments of deflection rates over time in the wall
were attributed to dissipation of excess pore water pressure arising from the excavation.
(a)

(b)

Figure 3. Excavation layout presented by Liu et al. (2005)

Whittle et al. (1993) modeled the top-down construction of a seven-level below-grade
parking structure at Post Office Square in Boston, MA. A reinforced concrete perimeter diaphragm
wall was built as the permanent lateral support system and braced with a concrete top roof and
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seven floor slabs. The numerical model was compared to wall deflections and pore water pressure
measured in the field. Wall lateral movements presented by Whittle et al. (1993) are presented in
Figure 4. The authors found similar responses between computed and measured excavation
performance up to the installation of the third level of bracing (i.e., stage 19 in the figure). At this
stage the numerical analyses underpredicted the amount of lateral movements in the wall. Whittle
et al. (1993) observed from inclinometers that inward wall movement, ranging between 5 and 10
mm, were recorded after the placement and curing periods of the floor levels. It was hypostatized
that the effective stiffness of the roof/floors were affected by shrinkage of concrete during curing,
increasing the lateral wall movements in the field. This effect could be accelerated by the change
in temperature recorded during the construction of subgrade parking garage.

Figure 4. Top-down construction of a seven-level below-grade parking structure at Post
Office Square in Boston, MA presented by Whittle et al. (1993)
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Arboleda-Monsalve and Finno (2015) presented the contribution of shrinkage to the lateral
wall movements for the One Museum Park West (OMPW) excavation in Chicago, IL, using strain
gages installed in concrete floor slabs. The authors decoupled the strains arising from concrete
time-dependent effects and earth and water pressures using a three-dimensional numerical model
and concluded that 30% of the lateral wall movements were attributed mainly to concrete
shrinkage. Those results are presented in Figure 5. From the author’s knowledge, the timedependent gain of concrete compressive strength and stiffness and the influence of low curing
temperatures on concrete maturity, both affecting the performance of a deep excavation, are
presented in this dissertation for the first time in technical literature.

Figure 5. Contribution of time-dependent effects of concrete to lateral wall movements.
After Arboleda-Monsalve and Finno (2015).
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Influence of Drainage Conditions in Excavations
Analysis of a deep excavation, categorizing overall soil response to excavation-induced
unloading and shearing as drained or undrained (e.g., Clough and Schmidt 1981; Ou 2006), can
lead to mismatches between computed and observed responses if ground movements do not
account explicitly for the velocity of the excavation in relation to the hydraulic conductivity of the
basal and retained soils. A time-dependent analysis performed by Yong et al. (1989) for a strutted
excavation in clays is presented in Figure 6. The figure shows the lower (undrained) and upper
(drained) bounds of the wall deformations in addition to the time-dependent consolidation effects.
The authors concluded that while the consolidation analyses matched better the wall deformation
measured in the field, undrained analyses underestimated the lateral wall movements and failed to
reflect the progressive deformation of the retaining wall observed in the field.

Figure 6. Time dependent deformation of a sheet pile wall presented by Yong et al.
(1989)
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Hsi and Small (1992), to demonstrate the behavior of fluid-solid interaction in saturated
soils, modeled an elastic 50-m thick layer of soil to be excavated in two stages as it is illustrated
in Figure 7(a). Figure 7(b) shows how the water table was drawdown gradually during the
excavation of the soil and ground movements after 1000 days of finishing the two-staged
excavation. The authors concluded that ground surface settlements were approximately 20% larger
when the effects of water table drawdown were considered in the analysis of excavations using
fluid-solid analysis under plane strain conditions.

(a)

(b)

Figure 7. (a) Numerical model and (b) ground surface settlements after 1000 days of
reaching the bottom of the excavation.

Similarly, a large number of published work on excavations (e.g., Osaimi and Clough 1979;
Clough and Schmidt 1981; Finno and Harahap 1991; Holt and Griffiths 1992; Hsi and Small
1992a; de Lyra Nogueira et al. 2009; Callisto et al. 2014; Uribe-Henao et al. 2020b, 2020a, 2021b)
have attempted to describe the coupled nonlinear and time-dependent response of soils subjected
to shearing-induced volume changes and development of negative excess pore water pressures, ue .
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However, a method aimed at estimating fully coupled response of excavations has not been
proposed.
Osaimi and Clough (1979) analyzed the pore water pressure dissipation that occurs in an
excavation using a finite element formulation for one- and two-dimensional problems assuming
nonlinear elastic soil behavior. They found that partial dissipation of pore water pressures occurred
at different excavation rates except when the soil deposit had very low permeability (lower than
1x10-8 cm/s). Finno and Harahap (1991) studied a deep excavation in Chicago (i.e., HDR-4
project) using a finite element formulation that included a coupled solid-fluid analysis based on an
eight-node biquadratic isoparametric element with pore water pressure degrees of freedom at the
corner nodes (Q8P4). This model successfully modeled the generation of ue arising from the
installation of the sheet pile walls and the excavation unloading phases. Yet, limitations in
capturing plastic and post-peak shearing deformations of the constitutive soil behavior led to
notable differences between computed and observed excavation performance. A similar finite
element analysis was presented by Holt and Griffiths (1992) to assess transient stability issues in
terms of excavation rate and soil hydraulic conductivity for open-cut excavations in elasto-plastic
soils. The numerical analyses employed Q8P4 elements based on the fully coupled solid-fluid
theory proposed by Biot (1941). It was found that excavation analyses performed under a constant
excavation rate transitioned from drained to undrained conditions and vice versa by changing the
hydraulic conductivity of the basal and retained soils by three orders of magnitude. Later, de Lyra
Nogueira et al. (2009) analyzed transient stability of idealized one-dimensional excavations (i.e.,
a single soil column) also using Q8P4 elements in a fully coupled solid-fluid formulation based on
Biot’s theory. The results are presented in Figure 8. It was noted that excavation rates one order of
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magnitude smaller than the hydraulic conductivity of the basal and retained soils were
representative of drained conditions.

Figure 8. Excess pore water pressure as a function of the excavation rate and hydraulic
conductivity. After Nogueira et al. (2009)

Previous Studies on Building Damage from Ground Movements
A reliable damage estimation based on limiting deformation criteria is required to minimize
problems caused by excavations. Currently, building damage estimation is performed by
estimating free-field ground movements and computing building distortions from previously
published soil–structure interaction approaches (e.g., Polshin and Tokar 1957; Burland and Wroth
1974; Boscardin and Cording 1989) and finally, estimating damage levels. While the estimation
of free-field ground movements can be done via ground movement envelopes (see Figure 2), semiempirical correlations, or using the aid of numerical simulations; estimating building distortions
requires a more detailed description of ground movements. Figure 9 illustrates common quantities
used to describe the deformations sustained by a building in terms of angular distortions,  ,
relative deflections,  / L, and lateral strains, h. Figure 9(a) presents published conceptual
settlement troughs (i.e., vertical deformation distribution) divided into a concave-up and concave18

down deformation modes, often called “sagging” and “hogging” mechanisms; respectively. Both
are subdivided into segments delimited by points A through G, used to define the geometry of the
settlement trough as follows: the deformation given at a point is denoted as , the sagging and
hogging lengths are denoted as L, and distance and differential deformation between points are
given by the symbols l and  ; respectively. Once the geometry is defined, the angular distortion 
is obtained after subtracting the angle between points,  / l (i.e., building distortion) and the rigid
body movement of the building,  as shown in Figure 9(b). Lateral strain, h is computed as the
relative horizontal movement of two reference points as shown in Figure 9(c).

(a)

(b)

(c)

Figure 9. Deformation quantities. a) Hypothetical settlement trough adapted form
Finno et al (2005), b) building distortion (Burland and Wroth 1974), and c) lateral strains
(Boscardin and Cording 1989)

Once building distortions are defined, levels of damage can be estimated based on field
observations, physical model tests, or numerical simulations. Several researchers (Boscardin and
Cording 1989; Finno et al. 2005; Son and Cording 2005; Bryson and Kotheimer 2011; among
others) have suggested procedures for estimating crack growth that results from excavation19

induced ground movements. These methods require the input of a critical tensile strain, or the
strain at the onset of cracking, to establish the level of damage.
Boscardin and Cording (1989) estimated the potential for structures adjacent to excavations
to sustain damage using a critical strain criterion including lateral ground deformations (i.e., lateral
strains) but adding flexural and shear deformations. This resulted in an expression that related
building stiffness to angular distortions in terms of the lateral and critical tensile strains. Based on
this expression, five levels of damage were proposed with critical strains ranging from 0.05% for
very slight damage to 0.3% for severe to very severe damage as shown in Figure 10, for an aspect
ratio of building height to length (H/L) equal to 1.0. It was observed that an increase in lateral
strains led to a lower differential settlement tolerance (i.e., angular distortions) which resulted in
an initiation of damage at smaller values of critical strains. Estimating strain levels at visible
damage can be challenging, particularly when those strains are computed idealizing structural
system components using linear-elastic, isotropic, and homogeneous beam theories with neutral
axis at its bottom. The accuracy of the thresholds obtained for estimating levels of damage in
buildings (see Figure 10) are still subject of study since the underlying assumptions of published
damage models in deep excavations are questionable. Although numerous authors such as Boone
(1996), Finno et al (2005), and Kotheimer and Bryson (2009); have attempted to improve the
original methodology presented by Boscardin and Cording (1989) by including crack widths to
estimate potential of damage, or by using laminated beam floor system models, or by locating the
neutral axis at the beam centroid, these methods still assume linear elastic beam models for
deriving a relation between excavation-induced ground movements and lateral or critical tensile
strains. A more realistic approach is required to include post-cracking behavior of masonry, shear
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deformations of structural members, and masonry-infilled frame damage mechanisms in a coupled
soil-structure interaction approach.

Figure 10. Potential and level of damage presented by Boscardin and Cording (1989)

A different approach was presented by Son and Cording (2005) using a combination of
physical and numerical model tests to evaluate damage of masonry bearing wall structures. The
physical model test of a tie-back excavation with a two-story load-bearing wall structure located
at 0.8 m from the wall was developed at a 1/10 scale. The excavation was 1.09 m deep and was
supported with three levels of tiebacks anchored to a rigid wall. The numerical models consisted
of a brick-bearing structure over an elastic soil bed. Calibration efforts in the numerical modeling
part of that work were directed to find excavation-induced ground deformations (i.e., vertical and
lateral movements), and parameters for the soil-to-structure and brick-to-mortar interfaces that
matched the physical models. The model was able to simulate distortions, crack widths, and
patterns exhibited in the physical model tests and was used as the base for parametric analyses. As
a result, the damage criterion presented by Boscardin and Cording (1989), was generalized to a
state of strains “independent” of L/H ratios, building stiffness, and neutral axis location. The state
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of strains was determined by measuring vertical and lateral displacements at four corners of the
wall section where damage was concentrated and by computing angular distortions and lateral
strains as presented in Figure 11. Despite the fact that this method generalized the damage criterion
shown in Figure 10 and provided a better approximation to describe building damage, it can only
be applied to estimate tension cracking of masonry bearing wall structures undergoing shear
deformations.

Figure 11. Generalized state of strains. After Son and Cording (2005)

Numerical Modeling of Excavation-Induced Response on Buildings
The use of supplemental noncoupled structural or geotechnical software has been used as
the main strategy to overcome computational limitations and to minimize uncertainty in
geotechnical or structural numerical models. For example, Arboleda-Monsalve (2014) used
Response-2000 to include moment-curvature response of reinforced concrete walls (e.g.,
diaphragm walls, secant pile walls) in the analysis of deep excavations using PLAXIS2D. An
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equivalent structural model was used to match geotechnical output in PLAXIS with strength and
ductility of reinforced concrete members obtained in Response-2000 but neglecting the
contribution of axial loads to the behavior of flexural members. Figure 12 shows the distribution
of the computed lateral wall deflection and curvature along the length of the secant pile wall using
a linear-elastic model, a user-defined nonlinear model using as input the stress-strain response
obtained from Response-2000, and a perfectly-plastic model. It was concluded that the
nonlinearity of concrete significantly affected computed lateral deformations of geostructures
when linear-elastic thresholds are exceeded. However, it is commonly assumed (not always
checked) that retaining geostructures will not undergo plastic deformations and thus, structural
modeling using linear-elastic elements are commonly employed in practice (e.g., Uribe-Henao et
al. 2018, 2019).

Figure 12. Pushover results on a secant pile wall using Response2000 and PLAXIS 2D:
(a) lateral wall deflection; (b) curvature distribution along the wall. Taken from ArboledaMonsalve (2014)
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Structural members in buildings subjected to excavation-induced ground movements are
erroneously assumed to behave elastic, hypostatizing that plastic deformations associated to
damage only occur in non-structural masonry walls and partitions. Giardina et al. (2013, 2015)
presented a semi-coupled approach for the modeling of a masonry building subjected to tunnelinginduced settlements, validated with an experimental test performed on a 1/10th scaled masonry
façade. The experimental test and the numerical model consisted of a masonry building façade
subjected to prescribed deformations at the base, ignoring the effects of soil-structure interaction
in the excavation response. A micro-modeling approach was followed to account for the masonry
façade using a homogeneous isotropic linear-elastic material which was numerically updated after
onset of cracking (i.e., critical tensile strain) to a nonlinear orthotropic material. The numerical
model reproduced crack patterns and deformations of the experiment and was used as the base
model for parametric analysis. The analyses showed a high dependency of the final damage on the
underlying assumptions of material cracking and soil-structure interaction as presented in Figure
13. In this study, Giardina et al. limited the parametric analyses to evaluate the cracking by varying
the strength between the soil and structure and did not quantify the potential damage in terms of
representative engineering demand parameters of the structural response.

Figure 13. Maximum principal strain distribution and deformed configuration for
different values of fracture energy. After Giardina et al. (2015)
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Figure 14 shows the results obtained by Son and Cording (2011) via numerical analysis
using as base model a 1/10th scaled bearing-wall structure, open frame, and masonry-infilled
building. The numerical model only evaluated the nonlinear response of masonry walls in the
structure due to the applied prescribed displacement were only sensitive for masonry and assumed
to be safe for strong structural members as beams and columns.

Figure 14.Numerical analysis performed by Son and Cording (2011)
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Son and Cording (2011) concluded that elastic analysis alone could lead to an erroneous
interpretation of the building response which is strongly controlled by the soil-structure interaction,
and fracture mechanics of the masonry walls. The authors also found that stiffness of brick-bearing
structure decreased significantly after severe cracking, developing larger distortions than the
analyzed open-frame structures. Other studies involving frame structures (e.g., Son and Cording
2005, 2008; Goh and Mair 2014) also employed elastic-linear elements to simulate their response
to adjacent excavations or tunnels. However, assuming that elastic principles describe the main
features of the structural response to excavations can lead to the erroneous calculations of the
mobilized stiffness and misleading interpretations of damage and collapse mechanisms in the
structure.
Lin et al. (2017) studied three-dimensional deformation characteristics of an excavation
and the response of an adjacent building at different orientations and locations as presented in .
The authors used a decoupled analysis method with PLAXIS3D and SAP2000 for the soil and
structural analysis, respectively. The analysis consisted of a frame structure supported by shallow
foundations located within the influence zone of an excavation. Significant tensile strains were
computed in the tie beam that connects the foundations, which caused cracking of concrete and
increased the potential for building damage. The structure behavior in this study was limited by
the numerical tools available and the poor understanding of the nonlinear response of the structure
to excavation-induced movements. Using decoupled structural and soil behaviors can lead to an
unrealistic representation of the problem. Structural programs like SAP2000 do not capture
numerous features of soil behavior but can reasonably capture other features of structural behavior,
such as: axial-moment-shear (PMS) interaction, section behavior (i.e., fibers), nonlinear links, etc.
On the other hand, even the most advanced geotechnical programs are very limited when studying
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those structural effects. However, the Open System for Earthquake Engineering Simulation
(OpenSees), an object-oriented software framework, is capable of modeling advanced structural
and geotechnical problems simultaneously (e.g., excavation-induced damage, structure-fluid-soil
interaction, soil liquefaction, bearing capacity, etc.). OpenSees will be used in this dissertation to
investigate the response of excavation-induced movements in frame structures. To the author’s
knowledge, the excavation-induced response in reinforced concrete frame structures has not been
studied to date.

Figure 15. Decoupled analysis method employed by Li et al. (2017)

Behavior of Masonry Infilled Frame Structures
Approximately 80% of the structural cost from earthquakes is attributed to damage of infill
walls which causes damage in doors, windows, and electrical and hydraulic installations (Asteris
et al. 2011). Due to the lack of information regarding the nonlinear response of masonry infilled
frame buildings to differential settlements, the behavior of these buildings subjected to lateral
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loading is presented instead. It is considered in this dissertation that the behavior of masonry to
lateral loading is analogous in terms of strains, stresses, and deformation patterns to those that are
triggered in deep excavations from differential settlements and distortions.
Figure 16 illustrates common failure modes of masonry infilled frames presented by
Asteris et al. (2011). Corner crushing (CC) mode consists of a weak masonry surrounded by strong
structural frame members with weak infilled frame connection. This mode is defined as crushing
of the infill in at least one of its loaded corners (Figure 16a). Diagonal crushing (DC) mode occurs
when a relatively slender infill is provided causing crushing of its central region as shown in Figure
16a. Sliding Shear (SS) mode, evidenced by horizontal sliding through multiple bed joints at
approximately mid-height of the wall (Figure 16b), occurs when the mortar is weak and the wall
is surrounded by a strong frame. Diagonal Cracking (DC) as illustrated in Figure 16b is
representative of severe cracking across the compressed diagonal zone of the infill panel and only
occurs when the frame is more flexible than the masonry wall. A sliding shear is often observed
in this mode of failure. Lastly, in Frame Failure (FF) mode, plastic hinges are formed in the
columns or in the beam-column connections as shown in Figure 16(b). This mode consists of a
purely flexural mode, in which there is no separation between infill and frame under low levels of
lateral loading. Weak frames or frames with weak joints are usually associated with this failure
mode. These mechanisms have not been studied in the field of excavation-induced building
damage.
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Figure 16. Failure modes of masonry-infilled frames. Taken from Asteris et al. (2011)

Different approaches have been developed and validated with experimental test results for
the modeling of masonry infills in order to capture failure mechanisms that take place in masonry
infilled RC frames. They are divided into two main groups based on the modeling approach: microand macro-modeling techniques. In this research, a micro-modeling technique will be adopted
where units, mortar, and the unit–mortar interfaces are modeled using constitutive parameters
obtained from experimental test results. This micro-modeling technique has been used to model
tension and shear response of masonry mortar joints along infilled frame interfaces. Mehrabi et al.
(1994) employed a constitutive model to account for the interaction between normal compression,
shear, and shear dilation of mortar joints in a finite element analysis based on experimental testing.
The numerical model accounted for the response of weak and strong frames infilled with masonry
panels under a constant vertical compressive load. The masonry panels were modeled as four-node
smeared crack elements. These elements use the von misses yield criterion combined with the
Rankine tension-cutoff criterion at the onset of cracking. Mortar joints in the masonry panels and
along the infilled frame interfaces were modeled employing two double-node interface elements.
The numerical model used by Mehrabi et al. (1994) is presented in Figure 17. The authors found
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that the loss of lateral stiffness in masonry-infilled RC frames results primarily from diagonal and
horizontal cracking of the infill walls.

(a)

(b)

Figure 17. (a) Measured and (b) computed failure pattern. After Mehrabi et al. (1994)

Cohesive zone laws for the modeling of masonry infilled walls have been used as an
alternative to model the fracture process of mortar joins. Bisoffi-Suave et al. (2019) formulated a
mixed mode cohesive zone law combined with the Coulomb’ law to describe the mechanical and
fracture behavior of mortar joints. The contact law presented but the authors is capable of capturing
the progressive damage of masonry and mortar joints and their frictional post-failure behavior.
The proposed formulation was validated against experimental results of a masonry panel subjected
to diagonal compression. This test was performed to measure the tensile and compressive strength
of masonry. Figure 18 shows the numerical model presented by Bisoffi-Suave et al. (2019) and
the stress-strain behavior measured in the experiment and in the numerical model. The figure
shows how the masonry panel failed after the application of the load using the proposed contact
model, obtaining a stress-strain relationship similar to the experiment.
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Figure 18. Masonry panel failed under diagonal compression. After Bisoffi-Suave et al.
(2019)

Recently, Venzal et al. (2020) presented an improved frictional cohesive zone model to
reproduce fracture mechanisms observed in quasi-brittle materials. The formulation presented by
the authors uses a cohesive law including the mixed mode behavior of compression combined with
the frictional behavior based on Coulomb’s law. Seven masonry specimens subjected to direct
shear were used to validate the cohesive law formulation. Figure 19 shows the experimental and
numerical results presented by Venzal et al. (2020) in terms of the shear stresses and strains. Venzal
et al. (2020) found similar results between measured and computed responses.
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Figure 19. Experimental and numerical results presented by Venzal et al. (2020).
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CHAPTER THREE: CONSTRUCTION INDUCED EFFECTS IN A
COFFERDAM EXCAVATION USING HYPOPLASTICY AND
SHOTCRETE MODELS
Current construction practices for high-rise buildings combine the installation of a
temporary cofferdam for the construction of a rigid central core followed by a top-down excavation
sequence for the construction of basement levels. The cofferdam is built following a bottom-up
sequence using sheet piles as the retaining wall and circular bracings to allow sufficient clear space
for construction purposes and access of excavation equipment. From the project planning
perspective, top-down methods present significant benefits in construction time, as the main
excavation activities are removed from the critical path of the project (Puller 1998; Finno 2010;
Arboleda-Monsalve 2014). Also, the basal heave caused by the soil stress relief from the
excavation unloading process is prevented by the large weight of the substructure elements (Tan
et al. 2016). The excavation-induced ground movements from this combined system (i.e., bottomup for the rigid central core and top-down for the basement levels) are not only associated with the
largest volume of soil removal, which is clearly for the top-down sequence, but also with the
performance of the bottom-up sequence using a temporary cofferdam. The inherent flexibility of
the support system used for the cofferdam bottom-up sequence largely impacts the overall
performance of the project.
This chapter investigates the influence of low concrete curing temperatures, rapid cycles
of soil removal and placement of ring beam lateral bracings, and concrete time-dependent effects
on the performance of an urban cofferdam. This was accomplished developing a numerical model
to simulate the observed performance of the cofferdam and then study parametrically the proposed
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effects. Two advanced constitutive models for the structural and soil behavior were used. The
Shotcrete model (Schädlich and Schweiger 2014a, 2014b) was calibrated and employed herein to
model the response of concrete ring beams, acting as the main cofferdam lateral bracing system.
The model can capture concrete creep, shrinkage, and aging effects (i.e., gain in compressive
strength of concrete), and can be easily specialized to capture temperature effects during concrete
curing. The Hypoplasticity model for clays (Mašín 2014; Mašín and Rott 2014) is also used in this
dissertation to model the behavior of soft to medium and stiff glacial clays, which are the
predominant subsurface soils encountered at the project site. This model uses the principles of
critical-state soil mechanics to capture small strain stiffness nonlinearity, recent stress-history
effects, large-strain asymptotic behavior, and reproduce compressibility and shearing behavior of
clays under stress paths typically mobilized in deep excavations (Arboleda-Monsalve et al. 2017).
The model also employs anisotropic stiffness material coefficients to capture the influence of soil
anisotropy on the very small strain stiffness.
Urban Cofferdam Performance at Anonymous Site
An eight-level below-grade parking structure for a high-rise structure was projected to be
built in an urban area using a combination of excavation support systems. A bottom-up excavation
technique using a temporary urban cofferdam was completed to construct the lateral load-resisting
system of the building (i.e., rigid central core), while a top-down excavation sequence was planned
for the construction of basement levels. The construction stopped after completing the temporary
cofferdam and before starting the top-down excavation. Figure 20 shows the subsurface
conditions, excavation layout including the bracing and retaining system, and plan view of the
project with location of the field instrumentation. The summarized soil profile illustrated in Figure
20(a) presents a surficial fill of an approximate thickness of 4 m, mainly composed of granular
34

soils with some gravels and debris. Underlying the fill, a medium to dense poorly graded sand with
SPT blow count N = 25-35, water content of 25%, and interbedded layers of silty sand and gravels
are found between 4.0 and 10.6 m from the ground surface. A series of glacial clays of variable
thickness and strength are found beneath the granular soils, starting with a 7-m thick soft to
medium clay of undrained shear strength varying from 30 to 80 kPa. It is followed by a stiff clay
layer of approximately 10 m of thickness and undrained shear strength between 200 and 700 kPa,
which transitions to hard clay at 28 m below the ground surface with undrained shear strength
greater than 800 kPa. Interbedded pockets of silty sands and gravels of approximately 1.5 m in
thickness were encountered underlying the hard clay. These compressible clay layers were
deposited during the glacial epoch and characterized according to their origin and composition in
two main groups: supraglacial and subglacial tills. Soft clays found between 10.5 and 13.5 m below
the surface can be characterized as supraglacial tills which deposition occurred near the front of a
glacier as a result of three main process: melting ice, mudflows, and sedimenting from meltwater.
These depositional processes led to a variable water content, erratic composition, and normally
consolidation state. Remaining clay layers described as subglacial tills were deposited beneath a
glacier resulting in an over consolidation state and a uniform water content. Also, these glacial
compressible clays are primarily composed of Illite with low percentages of dolomite, chlorite,
variscite, calcite, and kaolinite clay minerals. Further details can be found in Finno and Chung
(1992).
Figure 20(b) presents schematically an elevation view of the urban cofferdam. The
geostructure was made of a circular arrangement of PZ-27 sheet piles internally braced with seven
levels of reinforced concrete ring beams. The cofferdam diameter was 33.2 m. The sheet piles were
driven 23.4 m into the soil until very stiff clays of an approximate undrained strength of 500 kPa
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were found. The bracing system was made of a square 0.76 m cross section used for ring beams 1
and 7 (i.e., RB 1 and RB 7), a 0.76x0.91 m cross section used for RB 2 and 6, and 0.76x1.06 m for
RB 3 through 5. The excavation inside the cofferdam, completed by continuous cycles of soil
removal and concrete ring beam placement, was performed in seven stages. The first stage
consisted of an excavation of 2.2m and placement of the first ring beam level. The remaining
cycles were completed by excavating approximately 3 to 3.5 m of soil followed by installation of
concrete ring beams until the bottom of the cut was reached.
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Figure 20. Anonymous project site: (a) subsurface conditions and excavation layout; (b)
elevation view; (c) plan view and inclinometer locations. Further details in ArboledaMonsalve et al. (2018)
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The plan view of the project and inclinometer locations are presented in Figure 20(c). In
the figure, the circular cofferdam that served as retained structure for an excavation of 22.5-m
depth and 33.2-m width was enclosed by a permanent retaining wall that was also intended to be
used as the load-bearing wall for the below-grade parking structure. This retaining structure
consisted of a drilled pier and slurry wall on the north and south sides of the project; respectively,
while secant pile walls were located on the east and west sides approximately 25m from the
cofferdam. Lateral wall deformations were monitored using 14 inclinometers outside of the
building footprint, and one inclinometer, denoted as I-1, was installed next to the cofferdam.
Excavation Sequence and Summary of Observed Performance
Figure 21(a) presents the construction sequence followed during the bottom-up excavation. The
first stage was the sheet pile installation. It was followed by seven excavation stages, completed
with rapid cycles of soil removal and concrete placement. Each stage was performed in
approximately 10 days, seven days of soil removal activities and three days of ring beam concrete
casting. The excavation was suspended at construction day 110 (i.e., after concrete placement of
RB 6) to begin the installation of rock-socketed drilled shafts to support the rigid central concrete
core. The excavation activities resumed at construction day 303, approximately 6.5 months after
the sixth excavation stage was completed. The last excavation activity to reach the bottom of the
cut at 22.5 m (i.e., 𝐻𝑒 ) was completed at construction day 308 with the concrete placement of RB
7. Inclinometer I-1 was installed at construction day 56 during the excavation to reach ring beam
level 2 (i.e., Exc.-2 in the figure). Thus, the lateral wall deformations presented in this chapter
represent incremental movements with respect to construction day 56.
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The evolution of lateral wall movements (i.e., variation with construction days) at each
ring beam elevation and the lateral wall deformations versus depth measured with inclinometer I1 are shown in Figure 21(b) and (c). Lateral wall movements of 35 mm (accumulated 65 mm) were
associated with the rapid excavation unloading sequence to reach a depth of 19.3 m (i.e., elevation
of RB 6 below the soft to medium clays) and concrete curing and installation effects of the ring
beams. These coupled effects are presented incrementally with a circled number 1. During those
stages, concrete of the ring beams was allowed to cure for less than two days, before the excavation
activities resumed. Concrete of the ring beams was cast in halves using two separate concrete
batches; the ring beam stiffness necessary to resist earth and water pressures is only activated after
the entire ring beam is placed. Thus, low values of concrete compressive strength were achieved
because under ideal moist-curing conditions concrete gains approximately 75% of the 28-day
compressive strength in seven days (Kosmatka et al. 2011). Arboleda-Monsalve et al. (ArboledaMonsalve et al. 2018) showed that low temperatures recorded during the cofferdam construction
activities, especially during the curing process of the environmentally exposed ring beams,
increased the time necessary to reach 100% concrete maturity (i.e., indicator of how concrete
compressive strength increases with time), and delayed the gain in concrete compressive strength
and stiffness.
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Figure 21. Observed performance measured with inclinometer I-1 during the urban
cofferdam excavation: (a) construction sequence; (b) evolution of lateral wall movements at
each ring beam elevation; (c) lateral wall movements versus depth

During construction, a large stockpile area was formed 6 m away from the cofferdam and
inclinometer I-1 between construction days 95 and 110. The computed volume of excavated
material was approximately 56 m³, confirmed with the photographic records of the project, which
caused a construction surcharge of approximately 55 kPa computed with the unit weight of the
excavated material. This surcharge, coupled with excavation-related earth and water pressures
during Exc. 6, are shown in the figure with a circled number 2. The lateral wall movements at the
end of RB 6 installation (i.e., construction day 110) were 62 mm. The construction activities
performed after day 110 are out of the scope of this dissertation [see Arboleda-Monsalve et. al.
39

(2018)], for more details about the cofferdam performance). This chapter presents a numerical
model to study cofferdam excavation-induced ground movements coupled with temperature and
time-dependent effects of concrete, which ultimately can be used in the analysis and design of
other deep excavations laterally braced with concrete members.
Finite Element Modeling Approach
A two-dimensional finite element analysis was conducted using PLAXIS 2D (2018) to reproduce
the ground movements observed during the cofferdam excavation. The model was built under
axisymmetric conditions to capture the geotechnical and structural behavior of the cofferdam and
circular ring beams. The influence of low temperatures during concrete curing and ring beam
installation, concrete time dependency, and nonlinear soil behavior on the excavation-induced
ground movements were studied using advanced structural and soil constitutive models. The
concrete ring beams were simulated using the Shotcrete model (Schädlich and Schweiger 2014a,
2014b) to capture the main features of concrete material time dependency (i.e., aging, creep, and
shrinkage), while Hardening soil model (Schanz et al. 1999) was used for the surficial sands and
fill and Hypoplasticity model (Mašín 2014; Mašín and Rott 2014) for the glacial clays.
Constitutive Modeling for Soils and Concrete Ring Beams
Inclinometer records indicated that the majority of movements occurred within the soft-to-medium
clay layers and hence the importance of an adequate calibration effort directed to model accurately
these clay strata. Hardening soil model parameters listed in Table 1 were used to represent the
nonlinear behavior of the surficial fill and the underlying sandy layer. The constitutive parameters
were taken from Blackburn and Finno (2007) and Rechea et al. (2008). These parameters were
based on inverse optimization analyses for nearby projects with similar geologic and depositional
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characteristics (i.e., dense sand, classified as SP based on USGS and with a penetration resistance
N=25 - 35).
Table 1
Hardening soil model parameters reported by Rechea et al. (2008)

Parameter

E50ref
ref
ur

E

ref
Eoed

m
pref
c




 ur
OCR

Units

Fill
layer

Sandy
layer

Primary deviatoric loading

kPa

13500

48000

Unloading-reloading elastic modulus
Tangent stiffness for primary oedometer
loading
Power coefficient
Pressure of reference
Cohesion
Friction angle
Dilation angle
Unloading-reloading Poisson ratio
Overconsolidation ratio

kPa

13500

48000

kPa

40500

144000

0.5
100
19
30
2
0.2
1

0.5
100
0.2
35
5
0.2
1.1

Name

kPa
kPa

kPa
kPa

The glacial clay strata were simulated using the Hypoplasticity model for clays (Mašín 2014;
Mašín and Rott 2014). Soil parameters are listed in Table 2. The soft-to-medium clay parameters
corresponded to those reported by Arboleda-Monsalve et al. (2017) from numerical simulations of
triaxial stress probes and recent stress-history effects of compressible glacial clays. Remaining
clay strata were obtained based on Arboleda-Monsalve (2014) and previous works made by Finno
and Chung (1992) and Finno and Harahap (1991) for compressive glacial clays with similar
geologic setting. The Hypoplasticity model for clays captures the small-strain stiffness
nonlinearity, recent stress history effects, and large-strain asymptotic behavior. However, critical
state-based formulations fail to capture the undrained strength of stiff, highly overconsolidated
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clays. Strain localization observed at critical states of these soil materials causes the stress path to
drop back rather than follow the Hvorslev surface and reach the ideal critical state (Mayne et al.
2009).
Constitutive models for cement-based materials have been object of study for decades.
Early formulations based on continuum mechanics were developed using elasticity and plasticity
theories for strain-hardening/softening rules, but excluding time dependency effects and cracking
(Chen and Chen 1975; William 1975; Han and Chen 1985; Lade and Kim 1995). Chen and Suzuki
(1980) and Frantziskonis and Desai (1987) improved those formulations using fracture energy
methods to include the cracking development of concrete. Later, Pietruszczak et al. (1988) under
an elastoplastic framework, introduced a methodology to capture the progressive transition from
ductile to brittle behavior of concrete strength and stiffness (i.e., quasi-brittle material).
Pietruszczak et al. applied a non-associative flow rule to describe the deformation process of
concrete under compressive and tensile loads during hardening and softening. Other researchers
(Meschke 1996; Meschke et al. 1996; Schütz et al. 2011), under a viscoplastic formulation,
developed a more advanced constitutive model to include the increase of strength and stiffness
with time, considering creep and shrinkage as two basic components of the total strains.
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Table 2
Hypoplasticity model parameters for glacial clay layers
Soft
clay1

Medium
clay1

Medium
to Stiff
clay2

Stiff
clay2

Very
stiff
clay2

Hard
clay2

Unsaturated unit weight (kN/m3)

18.9

18.9

18.9

18.9

19.6

19.6

sat

Saturated unit weight (kN/m3)

18.9

18.9

18.9

18.9

19.6

19.6

n

Water content (%)

32

23.4

18.5

37.8

32

32

einit

Initial void ratio

0.86

0.63

0.5

0.45

0.6

0.6

 ´c

Critical state friction angle (deg)

25.3

31.7

36

37.8

35.8

35.8

Pt

Shift of mean stress due to cohesion (kPa)

2

2

2

2

2

2



Isotropic normal compression (ICL) slope

0.062

0.062

0.055

0.05

0.065

0.065



Isotropic unloading slope

0.0113

0.0113

0.0014

0.00113

0.0011

0.0001

N

Constant for positioning of ICL

0.76

0.76

0.62

0.55

0.75

0.75

vpp

Stiffness fitting parameter

0.15

0.15

0.15

0.15

0.15

0.15

g

Ratio horizontal to vertical shear moduli

1.1

1.1

1.1

1.1

1.1

1.1

Ag

Meta-stable structure parameter

4100

4100

4100

4100

4100

4100

ng

Meta-stable structure parameter

0.6

0.6

0.6

0.6

0.6

0.6

mrat

Intergranular strain concept

1

1

1

1

1

1

5E-05

5E-05

2.4E-05

Parameter name
unsat

R

Size of elastic range

𝜷𝒓

Control param. for stiff. degradation curve

0.18

0.18

0.18

0.18

0.18

0.18



Control param. for stiff. degradation curve

1.3

1.3

1.3

1.3

1.3

1.3

1

1

2

2.5

8.5

11

0.57

0.58

0.74

0.81

1.06

1.06

OCR Over-consolidation ratio
K0

Earth pressure ratio at rest
1
2

2.4E-05 2.4E-05 2.4E-05

Arboleda-Monsalve et al (2017)
Based on Arboleda-Monsalve (2014)

The constitutive model adopted in this chapter to model concrete (Schädlich and Schweiger
2014a, 2014b) is based on an elastoplastic framework, but including concrete strainhardening/softening and time-dependent effects proposed by Schütz et al. (2011). This model,
referred in the technical literature as Shotcrete model, was proposed by Schädlich and Schweiger
(Schädlich and Schweiger 2014b, 2014a) and uses conventional elasto-plasticity theory to
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decompose the total strains into four strain components: elastic
shrinkage

 sh .

 e , plastic  p , creep  cr , and

The model adopts the plastic strain-hardening/softening approach proposed by

Schütz et al. (2011) to include the time-dependent nature of cement-based materials. This approach
employs time-dependent compressive and tensile plastic peak strains to reproduce the increase of
strength and stiffness with time, as observed in uniaxial stress-strain curves. Also, the fictitious
crack model defined by Hillerborg et al. (1976) as an energy balance approach, is included to
account for the quasi-brittle material behavior during fracturing. This approach eliminates the
dependency of very small elements close to the fracture process zone in finite element models and
accounts for crack formation and propagation. Two yield surfaces are adopted in the model: Mohrcoulomb for compressive stresses and Rankine for tensile stresses. This model can be used to study
time-dependent behavior of cement-based materials including the plastic deformability at early
ages, fracture process zone during strain-softening in compression and tension, and failure as
observed in uniaxial stress-strain curves.
The Shotcrete model has been successfully used to model the stress-strain behavior of
shotcrete used as tunnel lining, capturing the plastic and quasi-brittle material behavior at early
stages (i.e., after shotcrete placement). However, the time-dependent formulation employed by
Schädlich and Schweiger (2014a, 2014b) assumes that creep is proportional to stress, time effects
occur uniformly through the specimen cross section, and creep and shrinkage effects are additive
(Bažant and Baweja 1995) leading to underpredictions in concrete response due to creep and
shrinkage for applied stresses larger than 40% of the compressive strength. This model was
implemented in the finite element software PLAXIS 2D and is used in this chapter to numerically
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simulate the time-dependent and stress-strain-strength behavior of the concrete used for the ring
beam bracings in an urban cofferdam.
Parameters for Concrete Stress-Strain Behavior
Table 3 lists the parameters of the Shotcrete model for concrete (Schädlich and Schweiger 2014a,
2014b) including a description and summary of how each parameter was obtained. Those
parameters are used in this chapter to represent the stress-strain-strength concrete behavior and
time-dependent concrete effects. The model has been specialized in this chapter to account for
temperature effects during casting and curing of concrete ring beams. Tensile concrete behavior is
not considered in this study because the concrete ring beams are mainly subjected to compressive
loads as a result of excavation-induced earth and water pressures.
The Shotcrete model employs a uniaxial stress-strain curve normalized with respect to the
compressive strength and plastic strain of concrete. The normalized curve forms the basis of the
nonlinear evolution of the yield surface and the increase of stiffness and strength with time. This
curve was introduced by Schütz et al. (2011) in terms of the normalized hardening/softening
parameter H c and the normalized equivalent uniaxial compressive strength f c ,n . These
parameters are expressed in terms of the plastic peak strain (i.e., plastic strain corresponding to the
p
peak strength)  cp ( t ) and the compressive peak strength f cp ( t ) as presented in the following

equations:
Hc =

 3p

 cpp (t )

(1)
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f c ,n =

3

f cp (t )

=

f cy

(2)

f cp (t )

p

where ε3 is the minor principal plastic strain and 𝜎3 is the minor principal stress (i.e., equivalent
to the compressive yield strength, f cy ).
Table 3
Shotcrete parameters to model concrete ring beams
#

Symbol

Parameter name

Source

1

thydr

Time for 100% concrete maturity

Evolution of concrete compressive strength,
Arboleda-Monsalve et al. (2018)

2

E28

Young's Modulus at an age of thydr

fib model code (2010)

3

E1/E28

Stiffness ratio at 1 day and thydr

Development of concrete stiffness, ArboledaMonsalve et al. (2018)

4

fc,28

Compressive strength at an age of thydr

Cylinder test from concrete reports, ArboledaMonsalve et al. (2018)

5

fc,1/fc,28

Strength ratio at 1 day and thydr

Development of concrete compressive strength,
Arboleda-Monsalve et al. (2018)

6

ft,28

Tensile strength at an age of thydr

Popovics (1970) and Thorenfeldt et al. (1987)

7

fc0n

Initial ratio fcy/fcp(t)

Popovics (1970) and Thorenfeldt et al. (1987)

8

fcfn

Failure strength ratio fcf/fcp(t)

Popovics (1970) and Thorenfeldt et al. (1987)

9

fcun

Residual compressive strength level fcu/fcp(t)

Popovics (1970) and Thorenfeldt et al. (1987)

10

Gc,28

Compressive fracture energy at thydr

Popovics (1970) and Thorenfeldt et al. (1987)

11

max

Maximum friction angle

Schädlich and Schweiger (2014b)

12

 p1h,
 p8h,
 p24h

Uniaxial plastic failure strain at 1, 8, and 24
hours

Eq. (5) and (6), peak plastic strain Schütz et al.
(2011)

13

cr

Ratio between creep and elastic strains

Computed from Arboleda-Monsalve et al.
(2018)

14

tcr50 and
tsh50

Time for 50% of creep and shrinkage strains

Arboleda-Monsalve et al. (2018)

15

sh∞

Final shrinkage strain

Arboleda-Monsalve et al. (2018)
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Figure 22 shows a typical normalized stress-strain curve computed with the Shotcrete model for
RB1 through 6 and compared versus the Popovics equation for concrete in uniaxial compression
(Popovics 1970; Thorenfeldt et al. 1987). Both curves are presented in terms of dimensionless
parameters f c 0 n , f cfn , and f cun used to describe the hardening and softening zones in the concrete
stress-strain curve (Schütz et al. 2011). Those ratios were calibrated using the Popovics stressstrain curve as 0, 1, and 0.75, respectively, for each ring beam level. Two additional parameters
were employed to define the failure and fracture energy of concrete: the compressive fracture
energy, Gc,28 computed as 118 kPa, and the maximum friction angle for concrete, max taken as

Normalized Comp. Strength, fc,n

37 (i.e., parameters 10 and 11 in Table 3).
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Figure 22. Normalized stress-strain curve for concrete computed using Shotcrete model
and Popovics (1970) equation in terms of the normalized hardening parameter, Hc
Modified Concrete Time-Dependent Parameters to Account for Temperature Effects
Concrete material time-dependent behavior is negatively affected when temperature and moisture
conditions are not favorable during concrete curing. Gonnerman and Shuman (1928) and Burg
47

(1996) evaluated the effects of temperature on moist-cured concrete, concluding that proper curing
conditions are achieved when cement is permanently hydrated under a constant temperature of
23C (i.e., theoretical/ideal curing conditions). When concrete is cured under lower temperatures
or sporadically hydrated, the activation energy between cement and water is reduced and the
concrete strength development is delayed. Also, concrete compressive strength can be greatly
affected when concrete reaches temperatures below -10C during the curing process. According
to Kosmatka et al. (2011), the ultimate concrete compressive strength may be reduced up to 50%
with respect to its 28-day reference value when concrete freezes before a compressive strength of
3.5 MPa is achieved. On the other hand, Kosmatka et al. showed that concrete cast and cured at
temperatures near 10°C after 28 days of curing had compressive strengths higher than those cured
under ideal conditions.
Table 4 lists the parameters used to model concrete strength gain as affected by
temperature. The Shotcrete model employs the CEB-FIP code (Comite Euro-International Du
Beton 1993) to obtain the change of concrete compressive peak strength and stiffness with time,
using the following equations:

f cp (t )
f c , 28

 ln ( f c ,1 f c , 28 ) 
t hydr 



= exp −
1−
t 
t hydr − 1 



(3)

 ln (Ec ,1 Ec , 28 ) 
t hydr 
E (t )



= exp −
1−


E 28
t
t
−
1

hydr



(4)

where t is the age of concrete and thydr is the curing time in days of the ring beams to achieve
100% concrete maturity.
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The plastic peak strain,  cp , is defined in terms of plastic strains measured at 1, 8, and 24
p

p
hours after concrete casting,  1ph ,  8ph and  24
h , respectively (Schütz et al. 2011). These values,

also listed in Table 4, were computed using the uniaxial compression equation of concrete
proposed by Thorenfeldt et al. (1987):
B

  t 
 (t ) = A  ln 
 + C
  0.416 
p
cp

A=



−
3.178
P
24h

p
1h
B

  p −  1ph
ln  8ph
 24h −  1ph

, B=−
0.424

(5)



 , and C =  p
1h

(6), (7) and (8)

Table 4
Parameters for concrete time-dependent strength gain affected by temperature
RB

thydr

fc,28

E28

fc,1/fc,28 E1/E28  p1h

(day) (MPa) (MPa)
RB-1
RB-2
RB-3
RB-4
RB-5
RB-6

51
54
54
59
62
56

55.5
53.5
65.3
62.7
66.78
53.5

38063
37609
40181
39647
40487
37609

0.137
0.136
0.137
0.191
0.104
0.152

0.383
0.382
0.358
0.451
0.332
0.4

()
-10000
-10000
-12000
-12000
-10000
-10000

 p8h

 p24h

()
-1000
-1000
-1100
-1100
-1100
-1000

()
-954
-950
-1000
-980
-970
-950

Table 5 lists the temperature-adjusted Shotcrete parameters used to study concrete creep
cr
and shrinkage effects. Creep is expressed as a function of the creep coefficient,  computed

cr
using the Eurocode EN 1992-1-1 (2004), and the time required to reach 50% creep strains at t50
.

The following equations were used:
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 cr −  ncr

 = +
 t and  cr=  cr
cr
t n + t 50
E (t )
cr
n +1

(9)

cr
n

These equations are defined incrementally using  n+cr1 , and  crn , which correspond to the
cr
creep strains at the end and beginning of step n; respectively.   is the final creep strain associated

with a given compressive stress level (Schädlich and Schweiger 2014b).
Table 5
Parameters for concrete creep and shrinkage strains affected by temperature
RB

cr

tcr50

sh∞

tsh50

(day)

()

(day)

RB-1

1.38

9

-203

50

RB-2

1.42

9

-192

50

RB-3

1.22

9

-205

50

RB-4

1.33

9

-198

50

RB-5

1.32

9

-198

50

RB-6

1.46

9

-195

50

The Shotcrete model adopted the methodology presented in the ACI 209R-92 code (1992)
to compute the shrinkage strains of concrete. The ACI code defines shrinkage as a decrease in
volume of concrete due to moisture loss caused by the exposure to the environment. Shrinkage
shr
strains are expressed in terms of the time to reach 50% shrinkage, t50
, and the final shrinkage

shr
strain,   , as follows:

 shr (t ) =  shr 

(10)

t
t + t 50shr
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Arboleda-Monsalve et al. (2018) reported daily temperature variations for this cofferdam
ranging from -15 to 10C between concrete placement of RB1 and RB6 (i.e., construction days
between 49 and 109). These temperatures negatively affected the concrete time-dependent
response of the ring beams, increasing significantly (almost twice) the time necessary to reach
100% concrete maturity. The computed development of concrete compressive strength gains,
creep coefficients, and shrinkage strains are shown in Figure 23.
Those curves were obtained by Arboleda-Monsalve et al. (2018) following the
methodology proposed by the fib model code (Fédération Internationale du Béton 2010) under
theoretical and ideal curing conditions, modified based on site-specific temperature records, and
computed with a mean constant temperature value, T. The figure also presents the concrete
compressive strength gain, creep coefficients, and shrinkage strains computed using the
temperature-adjusted Shotcrete model parameters shown in Table 4 and Table 5. Those figures
account for the low temperatures during concrete placement of the ring beams. The figure presents
concrete time-dependent properties for RB 1 through 3 computed by Arboleda-Monsalve et al.
(2018) and using the Shotcrete model. The behavior of the remaining ring beams was similar, and
the results are not included in the figure. Shotcrete model reasonably captures the coupled effects
of temperature and concrete time dependency.
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Figure 23. Measured and computed concrete time-dependent properties presented by
Arboleda-Monsalve et al. (Arboleda-Monsalve et al. 2018) and computed using Shotcrete
model: (a) RB 1; (b) RB 2; (c) RB 3
Finite Element Model
Figure 24 shows the numerical model implemented in PLAXIS 2D. The figure includes the finite
element mesh, the soil layers, the excavation layout, and the type of structural elements employed
in the numerical simulations. The sheet pile wall was transformed from a PZ-27 section to an
equivalent rectangular section employing a linear-elastic plate element with moment of inertia I
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= 25.2x10-5 m4m and modulus of elasticity E= 200 GPa. An orthotropic linear-elastic material
was used to separately account for the bending and axial stiffness of the PZ section, which resulted
in two equivalent plates of 0.0017 m2 and 0.145 m2 of area to resist the excavation-induced
compressive and flexural stresses, respectively. 15-node triangular soil cluster elements were used
to model the concrete ring beams and soils, which produce high-quality stress results (Brinkgreve
and Broere 2016). Two distributed pressures of 4 m and 15 m in length were applied on the active
side of the excavation. These were calculated as downward uniformly distributed pressures and
were modeled using 5-node line elements. These elements provide a fourth-order integration of
displacements compatible with the 15-node triangular soil cluster elements. A construction
surcharge pressure of 10 kPa and a surcharge of 55 kPa caused by accumulation of excavated
material from the cofferdam and nearby perimeter pile walls were included in the model. Note that
the excavated material induced a localized loading effect to the cofferdam that would be more
accurately represented by a three-dimensional numerical model. This effect recorded by the
inclinometer nearby the accumulated excavated material is modeled in this chapter smearing out
circumferentially the loading about an axis of symmetry to reach axisymmetric conditions (see
Raftenberg (1977) for details regarding this axisymmetric modeling strategy).
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Figure 24. Two-dimensional axisymmetric numerical model of urban cofferdam using
PLAXIS 2D

Table 6 lists the construction stages used to numerically simulate the cofferdam excavation.
The construction stages begin with a K 0 -initialization of the soil stress field and a “wish-in-place”
activation of the sheet pile wall. Recent stress history effects were not considered in the model
since minor pre-excavation activities were performed at the project site. This stage is followed by
successive cycles of soil cluster deactivation and installation of ring beams until RB 6 is reached
at construction day 109. These cycles were modeled allowing the development and dissipation of
excess pore water pressure with time, using elasto-plasto deformation analyses combined with
consolidation stages to capture the time-dependent behavior of soils. Note that two additional
stages were included in the model. One stage is included at construction day 59 (i.e., end of
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excavation to RB 2) to model a typical construction surcharge by activating the uniformly
distributed pressure located 2m away from the cofferdam. Similarly, an intermediate stage is
included at the end of Exc-5 (i.e., construction day 92) to model the accumulation of excavated
material.
Table 6
Construction excavation sequence implemented in PLAXIS 2D

Stage

Initial phase

Const.
days

Construction activity
K 0 - Consolidation

Sheet pile wall installation

1

46

Calculation type in PLAXIS 2D
Initial stresses within soil cluster are calculated
Corresponding plate elements are activated
Soil cluster within Exc-1 is deactivated (plastic stage)

Exc-1

Excavation to RB 1

46

49

RB 1

Placing of RB 1

49

53

Exc-2

Excavation to RB 2

53

59

Surcharge 1

Construction surcharge

59

59

Surcharge pressure of 10 kPa is activated

RB 2

Placing of RB 2

59

61

Soil elements within RB 2 are activated

Exc-3

Excavation to RB 3

61

68

RB 3

Placing of RB 3

68

70

Soil elements within RB 3 are activated

Cons.

Absence of activities

70

76

Consolidation stage

Exc-4

Excavation to RB 4

76

84

RB 4

Placing of RB 4

84

86

Exc-5

Excavation to RB 5

86

92

92

92

Surcharge pressure of 55 kPa is activated

92

95

Soil elements within RB 5 are activated

RB 5

Stockpile formed
excavated material
Placing of RB 5

Exc-6

Excavation to RB 6

95

106

RB 6

Placing of RB 6

106

109

Surcharge 2

from

Consolidation stage
Soil elements within RB 1 are activated
Soil cluster within Exc-2 is deactivated (plastic stage)
Consolidation stage

Soil cluster within Exc-3 is deactivated (plastic stage)
Consolidation stage

Soil cluster within Exc-4 is deactivated (plastic stage)
Consolidation stage
Soil elements within RB 4 are activated
Soil cluster within Exc-5 is deactivated (plastic stage)
Consolidation stage

Soil cluster within Exc-6 is deactivated (plastic stage)
Consolidation stage
Soil elements within RB 6 are activated
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The excavation to reach RB7 and its installation are out of the scope of this chapter. This
is because the ring beam was cast after installation of the deep foundations to support the rigid
central core. Those additional lateral wall deformations are not studied in this chapter. Boundary
effects caused by the installation of the perimeter pile wall are assumed to be negligible. This is
because the east side of the wall (i.e., the one closest to the cofferdam) was completed after
construction day 150 and it is located more than 20 m from the cofferdam edge.
Figure 25 presents two cofferdam excavation sequences varying with depth obtained from
construction and field photographic records. The figure shows how the excavation sequence was
slightly adjusted in the numerical framework to include the time required to cast each concrete
ring beam, referred in this chapter as concrete curing and ring beam installation effects. In the
figure, the horizontal arrows represent the time delay caused by concrete curing and installation
effects and the time where concrete time-dependent effects start in the numerical model at each
ring beam elevation. This adjustment also represents the time for the ring beams to complete their
circular shape and thus, the activation of the bracing system in the axisymmetric numerical model.
Note that a concrete ring beam can resist excavation-induced earth and water pressures only when
its circular shape is completed and concrete is allowed sufficient time to cure (under moist curing
conditions, this time should be seven days approximately (Kosmatka et al. 2011)). Only then
should the excavation progress.
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Figure 25. Variation of excavation depth with construction day number obtained from
construction records and used in PLAXIS 2D. Differences between both curves represent
concrete curing and installation effects
It is hypothesized in this chapter that the cofferdam performance was affected by these
events that happened very quickly, coupled with the low temperatures during concrete curing that
delayed concrete maturity. In this study, both excavation sequences are used in the numerical
model to investigate the influence of those effects on the lateral wall movements while allowing
accumulation and dissipation of excess pore pressure as the excavation advances.
Results of Finite Element Model
Comparison of Computed and Measured Lateral Wall Movements
Figure 26(a) illustrates the lateral wall movements versus depth measured with the inclinometer
and computed with the numerical model. The computed lateral wall movements are presented
incrementally after construction day 56, i.e., the initial day for inclinometer records. The figure
shows how the excavation-induced lateral wall movements were accurately reproduced with the
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numerical model up to construction day 83 (i.e., excavation to reach RB 4). At construction day
106 (i.e., end of Exc.-6), maximum ground movements of approximately 62 mm and 54 mm were
measured with the inclinometer and computed with the numerical model, respectively. The
maximum values occurred at a depth of 12.5m, corresponding to the elevation of the soft-tomedium clay strata. The numerical model and constitutive structural and soil models adopted in
this research reproduce reasonably well the excavation-induced lateral wall movements. Figure
26(b) shows the evolution of computed and measured lateral wall movements at the elevation of
each ring beam level. The lateral wall movements are presented in relation to the construction
activities. The evolution of computed lateral wall movements reasonably matches those measured
with the inclinometer. Noticeable differences were only observed at the elevations of RB 4 and 6
after construction day 90. The largest difference was approximately 8 mm and occurred at
construction day 106 (i.e., end of Exc.-6). This difference is attributed to the following factors: (i)
large accumulation of excavated material from the cofferdam and nearby perimeter pile walls, (ii)
difficulties associated with the axisymmetric modeling of this localized pressure near the
cofferdam, and (iii) limitations on modeling accurately creep and shrinkage evolution of concrete
in the ring beam bracings.
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Figure 26. Observed lateral wall movements and computed with the numerical model:
(a) lateral wall movements varying with depth for selected construction stages; (b)
evolution at the elevation of each ring beam
Concrete Time-Dependent Effects
The evolution of creep, shrinkage, and gain in compressive strength of concrete (i.e., concrete
aging) at elevations of RB 2 through 6 and their contribution to the lateral wall deformations at
construction days 70 and 106 (i.e., end of RB 3 installation and Exc. 6, respectively) are presented
in Figure 27.
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Figure 27. Computed concrete time-dependent effects using Shotcrete model: (a) lateral
wall movements varying with depth; (b) evolution of lateral wall movements for each ring
beam level
Because negligible differences in the lateral wall deformations were computed at elevations of RB
1 and 7, they are not included in the figure. Concrete time-dependent effects, denoted in the figure
as TD, were studied parametrically by using the parameters listed in Table 7 so that aging, creep,
and shrinkage effects were studied separately.
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Table 7
Parametric analysis for time-dependent effects of concrete

Symbol

Aging
effects

Creep
effects

Shrinkage
effects

E1/E28

See Table 4a

1.0

1.0

fc,1/fc,28

See Table 4a

1.0

1.0

cr

0

See Table 5a

0

sh∞

0

0

See Table 5a

a

Parameter value varies upon ring beam number

Results presented in Figure 26 were taken as the baseline for the comparisons when concrete timedependent effects are neglected. The results presented in Figure 26 will be denoted as the base
model in the subsequent sections of the chapter. Concrete time-dependent effects represented
approximately 15% of the maximum lateral wall movements at construction day 70. These effects
increased as the excavation progressed; at construction day 106, approximately 32% of the
maximum lateral wall movements were attributed to time-dependent concrete behavior. Aging was
the predominant effect, representing 60% of the overall concrete time-dependent effects (denoted
in the figure with a circled letter A). The rapid excavation sequence followed during the cofferdam
excavation along with concrete curing and installation effects (see Figure 25), limited the time
allowed for concrete to develop 100% maturity and resulted in an increase of the concrete aging
effects during the excavation. Construction and photographic records of the project indicated that
for RB4 through 6, less than one day was allowed for concrete curing before the excavation
activities under the corresponding ring beam resumed. Concrete ring beams in urban cofferdams
have their stiffness mostly derived from the compressive strength of the material, which needs to
be carefully controlled and evaluated as a time-dependent process. Recall that concrete under
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favorable curing conditions gains in seven days approximately 75% of its 28-day compressive
strength (Kosmatka et al. 2011). Concrete creep and shrinkage effects are also presented in the
figure as circled letters C and S, respectively. They contributed 24 and 18% to the overall concrete
time-dependent effects, respectively. Combined creep and shrinkage effects caused approximately
16% of the maximum lateral wall movements.
Arboleda-Monsalve and Finno (2015) studied the influence of concrete time-dependent
effects on a top-down excavation sequence for the construction of the One Museum Park West
(OMPW) building in Chicago, IL. The authors concluded that 30% of the maximum lateral wall
movements were attributed to concrete time-dependent effects. The results reported in this chapter
confirm that number (32% computed in this study) but for a different geostructure and use of
concrete as a time-dependent material. Shrinkage, as opposed to aging effects, had the largest
contribution to the lateral wall deformations for the OMPW top-down excavation. This is because
each floor slab bracing in a top-down system has environmentally exposed area and perimeter (i.e.,
notional size) much larger than the notional size of the cofferdam concrete ring beams. Also,
shrinkage strains developed during concrete curing are different for plane strain and axisymmetric
conditions.
Concrete Curing and Installation Effects
Figure 28 presents the contribution of temperature, concrete curing, and installation effects of
concrete ring beams to the computed lateral wall movements. Concrete curing and installation
effects were included in the numerical model following the two excavation sequences described
in Figure 25. They represent a lower bound (i.e., neglecting temperature, concrete curing,
installation, and concrete time dependency) and upper bound solution (i.e., base model) of the
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cofferdam excavation. In the figure, computed lateral wall movements corresponding to concrete
curing, ring beam installation, and low-temperature effects (denoted in the figure as CIT) were
computed including only concrete time-dependent effects in the numerical model. This was
accomplished by using thydr equal to 28 days for each ring beam and by following the blue dashedline excavation sequence shown in Figure 25.
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Figure 28. Computed contribution of temperature, concrete curing, and ring beam
installation effects (labeled CIT in the figure) to the lateral wall movements
The figure shows that approximately 25% of the computed maximum lateral wall deformations
are attributed to CIT effects. Concrete time-dependent effects are smaller than those presented in
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Figure 28 and are not realistically captured when CIT effects are neglected in the model. Recall
that CIT effects are modeled as a slight delay in the ring beam stiffness capability of supporting
the excavation-induced lateral earth and water pressures. Also, when concrete is exposed to low
temperatures during curing, its evolution of compressive strength is delayed particularly at the
early ages of concrete. Under those conditions, the time necessary to reach 100% concrete maturity
is increased (almost twice) with respect to the 28-day value reached under theoretical curing
conditions.
Discussion of Results
The practical implication of these results is quantified in terms of computed maximum concrete
compressive strains in the ring beams and ground surface settlements, as presented in Figure 29(a
and b), respectively. Figure 29(a) shows the computed evolution of maximum concrete
compressive strains mobilized during the excavation for RB 3 through 5. RB 1 and 2 were not as
critical (i.e., approximately 500  at construction day 106) and are not included in the figure. As
expected, the computed maximum concrete compressive strains with the base model were larger
than those ignoring the abovementioned effects. Observe how the computed compressive strains
for RB 4 and 5 rapidly increased during the initial days of concrete curing, mobilizing
approximately 25% of the design compressive strength.
From the base model results, at construction day 106, approximately 40% of the peak
concrete compressive strain (i.e., approximately c = 2500  (Popovics 1970)) and a maximum
of 70% of the concrete compressive strength (computed for RB 4 and 5 using the modulus from
Eq. 4) were mobilized. From an ultimate strength design perspective, the computed result suggest
that the structural integrity of the bracing system was not compromised. However, deep
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excavations should be designed from a deformation-based approach to assure integrity of adjacent
urban infrastructure. Stiffness degradation of the concrete material, associated with large values of
mobilized concrete strains, might result in ground movements beyond the strict limits imposed by
local regulatory agencies to protect nearby structures and utilities. Therefore, Figure 29(b) presents
the computed ground settlements,  v at the end of the numerically simulated cofferdam excavation
activities including concrete curing, installation, temperature, and time-dependent effects. The
figure is normalized in the vertical axis to the maximum settlement,  vm = 53mm. The distance
from the cofferdam wall, d , is normalized to the primary influence zone (PIZ) proposed by Ou
(2006) [i.e., PIZ=min(He, depth to stiff strata), approximately 22 m in this case]. For comparison
purposes, the ground surface settlement profile proposed by Ou (2006) is included in the figure,
which reasonably matches the computed with the base model. Note also that 30% of the maximum
normalized settlements computed with the numerical model were caused by temperature, curing,
installation, and time-dependent effects of concrete.
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Figure 29. Practical implications of temperature, concrete curing, installation, and
concrete time-dependent effects: (a) developed concrete compressive strains; (b) ground
surface settlement profile
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The computed maximum angular distortions,  v L , for the points shown the figure were
1/250 and 1/650 for the base model and when the proposed effects in this chapter were ignored,
respectively. Many researchers (Skempton and MacDonald 1956; Polshin and Tokar 1957;
Bjerrum 1963) published relationships between angular distortion and settlement-induced damage
for RC framed or reinforced brick structures. They reported 1/500 as a safe limit to avoid cracking
of structural members and partitions. Angular distortions of approximately 1/300 would potentially
cause cracking of panel walls and partitions and drift would become visible in tall buildings.
Considering temperature, curing, installation, and time-dependent effects of concrete in the design
process is crucial to the performance of deep excavations.
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CHAPTER FOUR: METHOD FOR ESTIMATING FULLY COUPLED
RESPONSE OF DEEP EXCAVATIONS IN SOFT CLAYS
Despite past research efforts, a unified methodology to define the most suitable type of
analysis for a deep excavation in clays has not been proposed as a function of the velocity of the
excavation and the drainage characteristics and hydraulic conductivity of the basal and retained
soils. Instead, the analyst must rely on approximations based on uncoupled consolidation methods
that do not consider explicitly coupled soil deformations with dissipation of excess pore water
pressure, ue or use advanced constitutive soil models integrated into a numerical framework to
account for fully coupled solid-fluid behavior of soils. This chapter presents a method based on
numerical simulations for the determination of excess pore water pressure changes and drainage
characteristics (i.e., globally drained, undrained, or partially drained) and ground deformations
induced by a deep excavation. The method provides guidance to practitioners and researchers on
establishing the conditions necessary from a fully coupled solid-fluid deformational analysis
perspective to reach excavation responses characterized by drained, undrained, or partially drained
conditions.
This chapter also studies the influence of excavation rate, geometric layout, and hydraulic
conductivity of basal and retained soils on the fully coupled solid-fluid behavior of braced
excavations in cohesive soils. Fully coupled excavation analyses were performed using the
Hypoplasticity clay model to reproduce the constitutive soil behavior combined with Biot’s
consolidation theory. Results obtained from the numerical simulations indicated that excavation
rate-to-hydraulic conductivity ratios, ER/k, smaller than 0.1 and larger than 10,000 can be
analyzed under drained and undrained conditions, respectively. The proposed method is validated
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with published case histories and its ability to estimate excavation performance in terms of excess
pore water pressures and excavation rates is presented in this chapter. Result obtained in this
chapter were presented in Uribe-Henao et al. (Uribe-Henao et al. 2020a, 2021b)
Finite Element Simulation of a Fully Coupled Excavation
A fully coupled flow-deformation analysis of an archetype deep excavation is conducted
in PLAXIS 2D (2018) to compute excavation-induced ground movements caused by partial or full
dissipation of ue . A total of 138 finite-element simulations served as the basis of the method
proposed in this chapter. The fully coupled solid-fluid analysis employed herein is based on the
Biot’s theory (Biot 1941) for a poro-elastic medium, where the soil mass is considered a twophased material: a solid skeleton and fluid medium (i.e., water in soil pores). Biot’s theory accounts
for the effect of pore water pressure in the soil compressibility and considers the variation in water
content. This theory has been successfully employed by several researchers (e.g., Holt and
Griffiths 1992; Hsi and Small 1992b; Callisto et al. 2014; Uribe-Henao et al. 2020b) and it is
implemented in the commercial software PLAXIS2D (2018) for the solution of transient analysis
of flow in groundwater problems. The finite element model of an archetype excavation in plane
strain conditions is presented in Figure 30. The figure also shows two regions denoting the
approximate locations of maximum pore water pressure buildup computed at the final excavation
stage. Both regions are used to compute key parameters and describe the fully coupled fluid-solid
response of basal and retained soils in the parametric analyses. The model consists of a soil profile
with three successive soil strata of compressible clays, a shallow water table located at 1 m from
the ground surface, and a 12-m tall braced wall using four levels of struts to provide support against
lateral wall movements.
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Figure 30. Finite element model of an archetype excavation developed in clayey soils

The soil profile begins with a superficial normally consolidated soft clay of 4 m in thickness
and undrained shear strength, su, of 25 kPa. This stratum is followed by a 6-m thick soft-to-medium
clay deposit with an overconsolidation ratio (OCR) of 1.5 and su varying with depth from 30 to 50
kPa. Beneath, a hard clay stratum is found at 10 m below the ground surface with an OCR of 5
and su of approximately 300 kPa. The soil clusters were numerically represented using triangular
elements employing a fourth order isoparametric formulation based on 12 Gauss integration points
and 15 displacement nodes to produce higher quality results than conventional finite elements
(Brinkgreve and Broere 2016). A 50x30m mesh made of 2022 elements, 18026 nodes, and 26424
integration points was chosen to avoid convergence issues when solving highly nonlinear matrices.
The constitutive behavior of the clay strata was modeled using the Hypoplasticity clay model
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(Mašín 2014; Mašín and Rott 2014), a critical-state based model capable of capturing the
nonlinearity of soils at small-strain ranges, reproducing recent stress-history effects, and predicting
large-strain asymptotic soil behavior. This model is capable of reproducing multiple shearing stress
paths and drainage conditions using the parameters listed in Table 8. These parameters, previously
presented by Arboleda-Monsalve et. al (2017) for soft and soft-to-medium clays and ArboledaMonsalve (2014) for the hard clay layers, were calibrated from numerical simulations of
oedometric and triaxial stress probes reproducing laboratory tests conducted on high-quality block
samples of glacial clay deposits.
Table 8
Hypoplasticity model parameters for compressible clay strata
Parameter

Name

Unit

Soft clay

Soft-tomedium clay

Hard
clay

kN/m³

18.9

18.9

19.6

-

0.86

0.45

0.6

deg

24.2

30.3

36.7

kN/m²

25

25

25

sat

Saturated unit weight

einit

Initial void ratio

c

Critical state friction angle

Pt

Shift of mean stress due to cohesion

λ*

Isotropic normal compression (ICL) slope

-

0.082

0.059

0.04

κ*

Isotropic unloading slope

-

0.023

0.017

0.011

N

Constant for positioning of ICL

-

1.029

0.62

0.53

r

Ratio bulk to shear moduli

-

0.424

0.424

0.424

G

Ratio horizontal to vertical shear moduli

-

1.1

1.1

1.1

Ag

Very small strain shear stiffness parameter

-

4100

4100

4100

ηg

Very small strain shear stiffness parameter

-

0.6

0.6

0.6

mrat

Intergranular strain concept parameter

-

1

1

1

R

Size of elastic range

-

0.00005

0.00005

0.00005

βr

Param. for stiffness degradation curve

-

0.18

0.18

0.18

χ

Param. for stiffness degradation curve

-

1.3

1.3

1.3

Overconsolidation ratio

-

1

1.5

5

At-rest earth pressure coefficient

-

0.57

0.58

1.06

OCR
Ko
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Table 9
Structural properties for flexible and rigid excavation support systems
Excavation support system
Property

unit

Flexible

Rigid

28900000

14300000

EA

kN/m

EI

kN m2/m

50400

274600

deq

m

0.145

0.48

Lspacing

m

1

1

---

315

1716

aEI⁄

w

h4
a

Clough et al. (1989) with w = 10 kPa.

Table 10 lists the construction stages used to numerically simulate the archetype excavation
activities including fully coupled solid-fluid behaviors. The numerical analyses were initialized by
generating the in situ state of stresses using a K0 procedure and activating a “wished-in-place”
retaining wall. Next, the excavation is modeled by successive plastic cycles of soil removal, fully
coupled solid-fluid stages, and lateral bracing activation stages until a depth of the cut of 8 m was
reached. In the numerical simulations, soil was excavated in small increments (i.e., 1 m per
construction stage) by deactivating the soil cluster within the excavation until the corresponding
elevation of each lateral bracing level was reached. The width and construction time of the
excavation are not defined in this section since they will be studied parametrically according to
the modeling strategy and type of analysis used in each excavation case considered in this chapter.
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Table 10
Construction stage sequence followed in the archetype excavation

Stage #
1
2
3
4
5
6
7
8
9
10
11
12
13
14

Construction stage
Initial phase
Installation of sheeting
L1-1 Excavation
L1-2 Excavation
S1 - Bracing installation
L2-1 Excavation
L2-2 Excavation
S2 - Bracing installation
L3-1 Excavation
L3-2 Excavation
S3 - Bracing installation
L4-1 Excavation
L4-2 Excavation
S4 - Bracing installation

Excavation
depth
Initial Final
m
m

0
1
-2
3
-4
5
-6
7
--

1
2
-3
4
-5
6
-7
8
--

Type of
analysis
K0 procedure
Plastic
Fully coupled
Fully coupled
Plastic
Fully coupled
Fully coupled
Plastic
Fully coupled
Fully coupled
Plastic
Fully coupled
Fully coupled
Plastic

Abbreviation: L3-2 = Excavation performed in level 3 - sublevel 2, between depths 5 and 6 m.

Parametric Studies of a Fully Coupled Excavation
The design assumption that a typical deep excavation in clays occurs under undrained
conditions and the confirmation that total stress parameters can be used for its design demand
detailed investigations. Analysts must consider that some “degree” of excavation-induced ue
dissipation is likely to occur, which will cause additional deformations as a function of the
excavation rate and construction process. Previous works on fully coupled analyses on deep
excavations (e.g., Holt and Griffiths 1992; de Lyra Nogueira et al. 2009) showed that partially
drained conditions at basal and retained soils normally prevail for excavation rates up to four orders
of magnitude larger than the hydraulic conductivity of the soils. In such case, an excavation design
would be preferably developed using fully coupled solid-fluid methods using advanced
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constitutive soil models capable of capturing soil nonlinearities (e.g., using Hypoplasticity models)
to accurately reproduce soil behavior and excavation-induced ground deformations under multiple
stress paths and drainage conditions. An archetype excavation was developed in PLAXIS2D to
study the effects in the development of ue of hydraulic conductivity of basal and retained soils, k;
excavation rate at which the project advances, ER; excavation support system stiffness, EI⁄w h4,
and excavation width, B. The numerical analyses provide insight into the drainage conditions and
levels of pore water pressure buildup of the soils (i.e., those at the bottom of the excavation: basal
soils, and behind the excavation support system: retained soils) that affect the excavation
performance.
Influence of Excavation Rate to Hydraulic Conductivity Ratio, ER/k
The influence of excavation rate and hydraulic conductivity of basal and retained soils in
the excavation response is studied. The analyses were performed assuming an excavation width of
10 m using Hypoplasticity clay parameters and a flexible excavation support system of EI⁄w h4
equal to 315. A total of 25 numerical models were used to simulate the transitional thresholds
among drained, undrained, and partially drained conditions for excavation rates varying between
one and five orders of magnitude larger than the hydraulic conductivity of the basal and retained
soils. Values of hydraulic conductivity varying from 1x10-3 to 1x10-7 cm/s (i.e., 1 to 1x10-4 m/day)
and construction excavation rates between 10-3 and 105 m/day were used in the numerical models.
The parametric analyses are carried out assuming a constant value for the hydraulic conductivities
of the basal and retained soils of the three clay strata.
Figure 31 summarizes the influence of excavation rate and hydraulic conductivity of basal
and retained soils on the soil response using fully coupled solid-fluid analyses. Figure 31(a) shows
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the maximum negative pore water pressure buildup computed at the bottom of cut (i.e., at a point
in the centerline of the excavation, see Figure 30) varying with the excavation rate and hydraulic
conductivity. Globally undrained and drained analyses were also performed to serve as upper and
lower bounds for the fully coupled solid-fluid analyses presented in the figure. Each curve
transitioned from an overall drained response (i.e., negligible buildup of negative ue at the basal
soils) to a partially drained condition for low values of excavation rates (i.e., slow soil removal
sequence). The response transitioned to an excavation behavior characterized by undrained
conditions for excavation rates four orders of magnitude larger than the hydraulic conductivity of
the basal and retained soils (i.e., rapid soil removal). The results show how the type of excavation
response, either idealized drained or undrained, needs to be determined as a function of the
excavation rate, ER, and also in relation to the hydraulic conductivity of the basal and retained
soils, k. The ER/k ratio is the key parameter in that determination. The physical process associated
with dissipation of ue highly depends on the time and development of drainage paths in the soil
mass. Fast excavation rates in relation to k (i.e., large ER/k ratios) inhibit groundwater flow
through the soil porous medium limiting and delaying the dissipation of ue generated as a result of
excavation unloading. On the other hand, slow excavations in relation to k (i.e., low ER/k ratios)
allow sufficient time to develop drainage paths in the soil mass that will make possible the partial
or full dissipation of ue induced by the excavation activities. The ER/k ratio defines two key
parameters associated with the physical process of ue development and subsequent dissipation in
terms of two rates that can be easily measured to track the soil response: the stress relief (i.e.,
unloading) rate and the hydraulic conductivity characteristics of the affected soils. The analyst
must carefully assess the presence of interbedded granular or silty soil layers that might accelerate
drainage paths causing undesirable changes in volume.
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Figure 31. Influence of ER and k of basal soils on the soil response using fully coupled
solid-fluid analysis: (a) Negative pore water pressure buildup, ue versus ER for each k
value and (b) normalized pore water pressure ratio,  versus ER/k

This dependency of the excavation-induced negative pore water pressure buildup on the
ER/k ratio is normalized in Figure 31(b) in terms of the total vertical stress relief, v , caused at
the end of the excavation by introducing the pore water pressure ratio,  = ue ⁄v . As a result,
changes in ue obtained from the analyses were parametrically reduced to a single curve. Note that
excavations with the same ER/k ratios and excavation geometric configuration in terms of
excavation width, B, and depth of cut, He , are characterized by the same levels of pore water
pressure ratios (see Figure 31b for an excavation configuration of B/He = 1.25). Similar studies
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conducted on generalized elastoplastic excavations in clays presented by de Lyra Nogueira et al.
(2009) and Holt and Griffiths (1992) concluded that values of ER/k lower than 1 and larger than
104 caused excavation responses to be globally characterized by drained or undrained conditions,
respectively. Figure 31(b) shows ER/k ratios of 10 and approximately 104 are necessary to idealize
excavations as globally drained or undrained, respectively.
The use of conventional design methods under the assumption of globally drained or
undrained conditions are justified only for the limiting values of ER/k. Fully coupled solid-fluid
deformation analyses are likely to be applicable for numerous geotechnical engineering
applications since such condition covers wide ranges of ER/k ratios as shown in the horizontal
logarithmic scale axis of Figure 31. To put these results in perspective, a fine-grained stratum with
hydraulic conductivity of 1x10-7 cm/s will require excavation rates lower than 1 mm/day or larger
than 1 m/day to avoid the partially drained condition. For example and just to illustrate the physical
meaning of ER/k, an excavation rate of a typical basement (i.e., interstory height of approximately
3 m) of a plane strain excavation performed in predominantly clayey soils completed in one day
(i.e., computed ER/k in the order of 104) should be considered a fast excavation and undrained
conditions should prevail. This definition largely affects the excavation-induced ground
deformations arising from soil time-dependent effects that result from the analysis. In the most
general case, fully coupled solid-fluid deformation analyses are ideally used to properly estimate
excavation-induced deformations.
The analyses were extended to show the influence of the geometrical configuration of the
plane-strain excavation on the excess pore water pressure ratio computed at the end of the
excavation at the basal soil region presented in Figure 30. Figure 32 presents -values versus ER/k
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ratios. The results are computed for B = 10, 20, and 30 m corresponding to computed aspect ratios
of B/He = 1.25, 2.5, and 3.75, respectively. Computed fully coupled responses displayed a
consistent upper  bound corresponding to globally undrained conditions, but in this case as a
function of the excavation geometrical configuration. The aspect ratio of B/He does not seem to
play an important role for excavations completed at very low ER/k ratios since pore water pressure
buildup is negligible at near-drained limits. The analysis shows how wide excavations tend to
develop larger values of pore water pressure ratios due to the large excavated volume of soils.
Differences in pore water pressure ratios up to 10% as a function B/He were observed at the
undrained limit.

Figure 32. Influence of geometrical configuration: parametric variation of  versus
ER/k for selected B/He values

Figure 33 presents computed ground surface settlement troughs normalized to their
maximum value, v,max . Normalized ground surface settlements were computed behind the
excavation support system for B/He ratios of 1.25, 2.5, and 3.75 and ER/k ratios varying from 10
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to 105 and for the drained and undrained limits. Normalized settlement responses were divided into
three groups based on their ER/k ratios: drained response, transition from drained to undrained
response, and undrained response. Maximum ground surface settlements of 25, 16, and 13 mm
were the computed normalization factors among ER/k-values presented in the figure for each
group, respectively. The distance from the wall, d, was normalized to He , so that primary influence
zones as proposed by Hsieh and Ou (1998) can be also be shown in the figure for comparison
purposes. These reference settlement troughs reasonably matched computed settlement troughs
approaching the undrained limit, but larger differences were noted for settlement troughs for
excavation responses controlled by drained conditions. Recall that Hsieh and Ou (1998) calibrated
those normalized settlement responses based on ten case histories mostly from bottom-up
constructions (i.e., typically characterized by undrained conditions) supported by diaphragm walls
in predominant silty-clay conditions and v,max ⁄h,max ranging between 0.5 and 1. In general,
concave upward settlement profiles, typical of excavations developing deep-seated wall
movements, were computed at the end of the excavation for each ER/k ratio. Ground surface
settlements were highly affected by the drainage characteristics as a result of ER/k ratios. As the
ER/k ratio decreased, approaching a drained excavation response (i.e., solid black line), the
changes in volume of the soil were manifested in the form of larger magnitudes of ground surface
settlements.
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Figure 33. Normalized settlement troughs computed behind the excavation support
system for different ER/k and B/He ratios of 1.25, 2.5, and 3.75: (a) drained; (b) transition
from drained to undrained, and (c) undrained response

The location of the inflection points, which indicate the transition between concave upward
and downward zones and serve as indication of maximum potential distortion ratios, decreased
from approximately 30 m to 10 m (i.e., d⁄He = 3.75 and 1.25) for drained and undrained conditions,
respectively. Maximum distortion ratios, computed as the difference between two settlement
points divided by their separation (typically the column spacing), increased from 1/1000 for
drained to 1/700 for undrained limits. The latter case exceeds typical recommended limits to avoid
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damage to structural partitions, nearby infrastructure, or utilities (e.g., Skempton and MacDonald
1956). Maximum ground surface settlements were reduced approximately 50% for ER/k ratios
approaching undrained conditions. Negligible differences in the ground surface settlement troughs
were computed when performing fully coupled analyses for ER/k ratios larger than 104 instead of
idealized undrained analyses. The influence of B/He ratio is minor in the computed ground surface
settlements for a given value of ER/k.
Figure 34 shows the normalized lateral wall deformations varying with depth-toexcavation depth, z⁄He ratio computed at the final stage of the excavation for B/He ratios of 1.25,
2.5, and 3.75, and ER/k ratios ranging from 10 to 105 and for the drained and undrained limits.
Lateral wall deformations were divided into the three idealized groups based on ER/k limits for
drained and undrained excavation responses previously shown in Figure 33. The horizontal axis
was normalized to the maximum value, h,max , computed for each group of ER/k-values presented
in each figure (i.e., 15, 18, and 20 mm, respectively). Small differences in the lateral wall
deformations were computed for the selected B/He ratios.
The results showed deep-seated movements mostly concentrated in the soft-to-medium
clay layer, regardless of the type of analysis and ER/k ratio. The maximum lateral wall
deformations occurred approximately at the elevation of the bottom of the cut. Large reductions in
its magnitude from 20 to 2 mm were computed as the ER/k ratio approached the drained limiting
values (Figure 34a). This trend is the opposite to the ground surface settlement troughs (see Figure
33). This is mostly attributed to downward flow conditions reached in the active (or retained) side
of the excavation caused by low values of ER/k (i.e., less than 10). Downward flow conditions in
the retained side as a result of excavation activities are modeled explicitly in the fully coupled
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analyses. Under such conditions, large magnitudes of volume changes in the vertical direction are
induced behind the excavation support system increasing ground surface settlements and reducing
the lateral wall movements. A similar trend was observed by Borja (1992) for the Rankin street
braced excavation near San Francisco bay, under the case of a very slow construction and steadystate drainage conditions. Borja (1992) found that downward movement of the groundwater table
toward the discharge point in the excavation induced vertical consolidation behind the retaining
structure and increased effective stresses near the retained soil, which caused larger ground
settlements and lower horizontal wall movements than an undrained excavation response. For the
conditions evaluated herein, assuming undrained conditions for the analyses result in an upper
bound estimation of lateral wall deformations (h,max of approximately 20 mm) when designing
deep excavations for ER/k ratios above 104. From the analyses, the ER/k ratio is a key parameter
when designing deep excavations since it dictates the predominant groundwater-soil type behavior.
Discrepancy between computed and observed excavation performance is possible when
excavation rates followed during construction differ from overall ER/k ratio assumed during
design. These differences in the excavation performance might threaten the integrity of nearby
infrastructure since unanticipated excavation-induced ground movements result from the
construction activities.
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Figure 34. Normalized lateral wall movements computed when the excavation reaches
8-m depth for different ER/k and B/He ratios of 1.25, 2.5, and 3.75: (a) drained, (b)
transition from drained to undrained, and (c) undrained response.

Maximum Vertical to Lateral Ground Deformation Ratio, v, max⁄h, max
Figure 35 presents the relationship between maximum ground surface settlements, v, max ,
and maximum lateral wall deformations, h, max ; both normalized with respect to He = 8 m. The
results are shown for a wide variety of ER/k ratios ranging from 10 to 105 and for the undrained
and drained limiting conditions. The results were obtained at the end of the excavation and for a
flexible excavation support system using the parameters listed in Table 9. Lower and upper limits
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computed as v,max equal to 0.6 and 2.0 times h,max , respectively, are presented in the figure with
dash-dotted lines. Recall that excavation analyses accounting for fully coupled solid-fluid behavior
and ER/k ratios approaching undrained conditions had a minor influence in the computed ground
movements. Observe how scatter points of v,max and h,max obtained for ER/k ratios larger than
approximately 202 were completely contained between v,max ⁄h,max equal to 0.6 and 0.7. The
figure confirms that the lower the ER/k ratio, the larger potential of changes in volume in terms of
large ground surface settlements. Large dispersion of v,max ⁄h,max ratios was computed for ER/kvalues toward the drained limit, showing the importance of accurate determination of ER/k ratios
or confidence in the assumption of undrained or drained responses in the design phases of the
excavation. Computed limits of v,max and h,max are presented in relation to published databases
by Long (2001), Moorman (2004), and Wang et al. (2010). Long (2001) presented an extensive
database of 300 excavations with wide ranges of support systems, soil conditions, and excavation
layouts. All case histories presented by Long (2001) were revised in this chapter and classified in
deep excavations performed in predominantly soft clays (i.e., soft soil strata larger than 60% of
depth of the cut) that matched soil conditions evaluated herein. This is how the upper and lower
limits of v,max equal to 2.0 and 0.5 times h,max , respectively, are reported from the database by
Long (2001). Similar limits were reported by Moorman (2004) for deep excavations in soft cays
with su lower than 75 kPa for 536 case histories. Wang et al. (2010) also reported upper and lower
limits of v,max ⁄h,max ratios equal to 0.4 and 2.0 for 300 excavation case histories reported in
Shanghai compressible normally consolidated soft clays with su ranging from 25 to 70 kPa. The
database used by Wang et al. (2010) for the determination of those limits shown in the figure
included six top-down excavations and 24 bottom-up excavations supported with diaphragm walls,
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contiguous pile, and deep soil mixing walls. The values reported in this chapter obtained from the
138 numerical simulations are consistent with those reported in state-of-the-art excavation
databases as presented in Figure 35.

Figure 35. Computed maximum normalized ground surface settlement versus
maximum normalized lateral wall deformation in relation to those reported in state-of-theart excavation databases by Long (2001), Moorman (2004), and Wang et al. (2010).

Excavation-Induced Excess Pore Water Pressure Ratios, 
Figure 36 shows normalized evolution of ue changing as a function of the ratios B/z and
ER/k, computed inside (i.e., at basal soil) and behind (i.e., at retained soil) the support system at
the locations provided in Figure 30. Note that the horizontal axis refers to the variable excavation
depth, z until He is reached. Hence, the term “evolution” is adopted to describe the development
of negative excess pore water pressure ratios as the excavation proceeds. Negative excess pore
water pressure ratios, shown as positive just for clarity, were computed for an excavation with
flexible support system, B/z from 1 to 15 and ER/k varying from 10 to 105, respectively. -values
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varied from zero for very low values of ER/k to a maximum of approximately 0.6 and 0.3 for basal
and retained soils, respectively. Note that excess pore water pressure ratios were larger for basal
than retained soils, especially as ER/k approaches the undrained condition. This is important for
the basal stability of deep excavations made in normally consolidated (NC) clays. Accumulation
and dissipation of negative ue at basal soils implies mobilization of undrained shear strength in NC
clays which can affect the basal stability of the excavation. Clough and O’Rourke (1990) and Ou
(2006) pointed out that mobilization of undrained strength in clays at basal soils because of
excavation-induced shear strains and ue , can result in deviatoric stresses beyond plastic yielding
limits in basal soils, leading to larger ground movements or basal-heave failure of the excavation.
The difference in pore water pressure response between basal and retained curves reduced as the
ER/k ratio approached the drained limiting value; negative pore water pressure buildup at those
two points is negligible as the excavation proceeds.

Figure 36. Evolution of computed normalized pore water pressure as a function of
ER/k and B/𝒛 (a) computed at the bottom (basal) of the excavation and (b) behind
(retained) the support system.
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The evolution of -values computed at the base of the excavation centerline and behind
the support system rapidly increased for B/z ratios lower than five. Similarly, Callisto et al. (2014)
concluded that for excavation analyses under partially drained conditions, excavations with B/He
lower than 1 (i.e., narrow excavations) tend to display faster dissipation rates of ue leading to lower

−values than those obtained in Figure 36. They also concluded that excavations with B/He ratios
lower than 1 are more susceptible to variations in ue ; effects such as wall installation and
overexcavation become more important and should be considered in the analysis. For instance,
Sabatini (1991) conducted a finite element parametric study varying the excavation width-to-depth
ratio to investigate the influence of wall installation effects. It was concluded that these effects
accounted for approximately 85% of the maximum lateral wall movements when B/He ratios were
equal or lower than 1. This trend was the opposite for wide excavations (i.e., B/He larger than 4),
in which wall installation effects were almost insignificant.
In addition, computed ratios of  at basal and retained soils reached a plateau for values of
B/z larger than 10 approximately. A similar trend using finite element analyses was also observed
by Yang et al. (2020) to study the influence of the width-to-depth ratios in the performance of deep
excavations. They found that wide excavations displayed more uniform shear strains at basal soils
than narrow excavations where the development of shear strains was affected by the excavation
width, resulting in lower retained and basal soil movements. Large ratios of B/He had a minor
influence in computed ground movements, becoming negligible when B/He was above 10.
Influence of Support System Stiffness and  in the Determination of Type of Analysis
Figure 37(a-b) presents the normalized maximum ground surface settlements, v,max ⁄He ,
computed using the parameters listed in Table 9 for flexible and rigid excavation support systems
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varying with the ratio  computed only at the basal soils for the final excavation stage. The results
presented in the figure were computed for excavation analyses under undrained, drained, and
partially drained conditions using ER/k ratios ranging between 10 and 105 and B/He ratios of 1.25,
2.5, and 3.75. For clarity purposes in the semi-logarithmic scale plot, settlements computed using
an excavation under drained conditions (i.e., zero values of ) were presented at an  of 10-5. The
horizontal axis in logarithmic scale is presented to illustrate the small variations of v, max⁄He
computed for  lower than 0.3 and the wide range of applicability of a fully coupled analysis. In
the figures, two trendlines of v,max ⁄He denoted with dashed lines for both flexible and rigid
excavation support systems are presented for system stiffness factors, EI⁄w h4 of 315 and 1716,
respectively (Clough et al. 1989). Both trendlines converged to constant values of approximately
0.05 and 0.15%, respectively, when  was larger than 0.3 as a result of excavation rates 104 times
larger than the hydraulic conductivity of basal and retained soils (i.e., ER/k > 104).

Figure 37. Recommended type of analysis computed from the response of basal soils
and based on normalized maximum ground surface settlements, v,max/He and stiffness of
the excavation support system: (a) linear scale and (b) logarithmic scale.
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For practical purposes and for the conditions presented in this chapter, excavations with
predominant soil behavior controlled by ER/k ratios toward undrained limits will result in similar
normalized ground surface settlements regardless of -values for the basal soils. Large differences
in volume changes of the soil mass are computed for -values approximately less than 0.3, which
correspond to ER/k less than 104. This is evidenced by the large spread of v,max ⁄He -values. Under
such conditions, a fully coupled solid-fluid analysis (shaded region in the figure) is recommended
to determine ground deformations, unless the excavation is performed under very slow excavation
rates so that drained conditions are justified. Under the conditions evaluated in this chapter, a
drained analysis should suffice when ER/k < 10 or negligible -values for the basal soils (e.g.,
less than 0.0001) are caused by the excavation unloading. Observe how the normalized ground
surface settlements were highly affected by the stiffness of the excavation support system. A rigid
support system reduced v, max⁄He by 40% with respect to that obtained for a flexible excavation
support system. The selected stiffnesses of the excavation support system in this chapter had a
negligible effect on the -values computed at basal soils for a given ER/k ratio.
Fully Coupled Response of Deep Excavations
Excavation-induced ground movements obtained using undrained or drained design
approaches can differ from observed excavation performances when changes in volume of the soil
and changes in groundwater conditions take place during the excavation (i.e., partially drained
conditions). Past investigations (e.g., Osaimi and Clough 1979; Clough and Schmidt 1981; Finno
and Harahap 1991; Holt and Griffiths 1992; Hsi and Small 1992a, 1992b; de Lyra Nogueira et al.
2009; Callisto et al. 2014) on fully coupled solid-fluid deformation analyses of excavations were
directed to study the effects of excavation rate, soil hydraulic conductivity, excavation layout, and
88

support systems in the development of ue . However, an expression that allows the analyst to
determine excavation-induced negative ue as a function of the two main parameters: ER/k and B/z
is presented herein. Figure 38 shows the evolution of  with ER/k and B/z that are used to best fit
normalized excess pore water pressure ratios using the data points presented in Figure 36. Recall
that results presented in the figure were computed for ER/k-values between 10 and 105, B/z ratios
varying from 1.25 to 15, and flexible support system. The figure in the horizontal axis presents a
dimensionless parameter,  developed from dimensional analyses of the parameters that describe
the evolution of .

Figure 38. Computed variation of  for basal and retained soils expressed in terms of
the dimensionless product of ER/k and B/z.

Figure 38 shows an expression that can be used directly to estimate  for basal and retained
soils in terms of the dimensionless parameter  as follows:

=

c1
ER B
and  =
c
k z
1+ 2
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(11a-b)

where c1 and c2 denote two fitting constants defined by the location within the soil mass where 
is computed.
Values of c1 equal to 0.4 and 0.16 and c2 equal to 800 and 4000 were found for basal and
retained soil, respectively. Note that a larger dispersion of  was computed for large -values (i.e.,
approximately above 104). For excavations that are completed at a very fast rate, the ratio B/z of
the excavation is not as critical for the development of excavation-induced ue since at large
excavation rates, undrained soil behavior controls the excavation response. Also, for wide
excavations (i.e., B/He ratios larger than 10), reflected in a flattening of the curves in Figure 36(bc), the ER/k ratio plays a more dominant role in . On the other hand, the evolution of  was
largely affected by the amount of volume excavated, which is indirectly reflected in the B/z ratio,
in particular for narrow excavations (B/z ratios below five regardless of the excavation rate) where
faster dissipation rates of ue were reported by Callisto et. al (2014). For practical applications, Eq.
(11) provides a good preliminary estimation of negative pore water pressure buildup when

advanced numerical tools are not available, especially for excavations with ER/k ratios inside the
limits of partially drained conditions.
Figure 39 shows the maximum ground surface settlement computed at the final stage of
the excavation expressed in terms of two dimensionless parameters:  (Figure 39a) and ER/k
(Figure 39b). The figure shows how v,max values computed for flexible and rigid support systems
can be reduced to a single expression when they are parameterized with respect to the undrained
excavation response. Ratios of ER/k varying from 10 to 105 and B/He of 1.25, 2.5, and 3.75 were
used in the figures. Recommended limits consistent with those presented in Figure 37 to select the
type of excavation analysis are also presented in this figure. The following set of expressions are
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derived herein to directly estimate maximum ground surface settlements for the fully coupled
range of response in terms of two variables: the excess pore water pressure ratio computed at the
basal soils and the excavation rate-to-hydraulic conductivity ratio.

Figure 39. Normalized ground surface settlement variation for the fully coupled range
of response in terms of: (a)  ratio computed at basal soils and (b) ER/k ratio.

The author of this dissertation found these two expressions insightful to describe the fully
coupled response of soils during the excavation in terms of maximum ground surface settlements.
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UD
where v,max
denotes the maximum ground surface settlement for the undrained condition. It can

be computed using the undrained limits presented herein or via any conventional method that
accounts for the undrained-controlled response of an excavation.
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The parameter can be obtained from numerical simulations and empirical or semi-empirical
relationships that account for the stiffness of the support system, factor of safety against basal
heave, and excavation width-to-depth ratio (e.g., Clough and Schmidt 1981; Clough et al. 1989;
Ng 1992; Long 2001; Ou 2006; Bryson and Zapata-Medina 2012). An additional equation obtained
as an upper bound of scatter points is also shown in Figure 39(a) to provide a more conservative
expression for the estimation of excavation-induced ground surface settlements.
0.15
 v ,max
1
= 0.9  
 vUD
 
,max

(14)

Figure 40 presents the relationship between maximum ground surface settlements and
lateral wall deformations as a function of  computed at basal soils and ER/k ratios. Upper and
lower bounds reported by Long (2001), Moorman (2004), and Wang et al. (2010) are also included
in the figure as dashed-dotted lines.

Figure 40. Normalized maximum ground surface settlements-to-lateral wall movements
for the fully coupled range of response in terms of: (a)  ratio computed at basal soils and
(b) ER/k ratio.
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The figure also shows expressions that best-fit the v,max ⁄h,max ratios computed for an
excavation with ER/k varying from 10 to 105 and B/He ratios of 1.25, 2.5, and 3.75. The following
expressions, alongside with Eqs. (11-14), can be used to estimate excavation-induced lateral wall
movements in terms of parameters like , ER/k, and v,max that were defined in previous sections.
0.11
 v ,max
1
= 0.55    2.0
 h,max
 



ER 

 20 + k 
 v ,max
= 0.6 
  2.0
 h,max
 2 + ER 


(15)

(16)

k 

Note in the figure that ratios of v,max ⁄h,max have lower and upper limits of 0.6 and 2.0,
which are consistent with the bounds reported in technical literature (e.g., Long, 2001; Moormann,
2004; Wang et al., 2004, see Figure 16) and computed in this work for excavations controlled by
drained and undrained responses. This is the reason why the upper limit of 2.0 was assigned in
Eqs. (15-16).
Proposed Method
A methodology to assess fully coupled excavation response in terms of the excavation rate,
hydraulic conductivity of the affected soils, and geometric configuration of the excavation is
proposed in this chapter. To the author knowledge, a method to estimate fully coupled excavationinduced ground movements in terms of negative pore water pressure buildup and excavation rate
has not been proposed despite numerous past research efforts on fully coupled deformation
analyses of excavations (e.g., Clough and Schmidt 1981; Clough et al. 1989; Finno and Harahap
1991; Hsieh and Ou 1998; Ou et al. 1998; Finno and Roboski 2005; Ou 2006; Uribe-Henao et al.
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2018, 2020a). Currently, the analyst must rely on oversimplifications or idealizations of soil
response to excavation unloading that are based on uncoupled consolidation methods that do not
consider explicitly soil deformations with dissipation of ue .
Figure 41 presents a flowchart for the application of the proposed method during the
preliminary design phases of a project or for evaluation of excavation performance and determine
whether partially drained conditions demand the use of solid-fluid deformation analyses. The
procedure described in the flowchart was determined from the numerical parametric analyses
performed for the proposed archetype excavation models, which was possible since ground
movements computed in the finite element environment correlated well with  and ER/k ratios.
The proposed method requires the input of the overburden pressure associated with the
excavation unloading, one soil property, and three excavation parameters. Initially, in situ soil
conditions must be defined to accurately determine the effective stress field, groundwater regime,
and summarized soil profile at the site. The hydraulic conductivity, k, excavation rate. ER, width
of the excavation, B, and depth of the cut, He, must be carefully defined. Then, the following ratios
and magnitudes must be determined: i) the change in vertical stress at the bottom of the cut because
of the excavation unloading, v, ii) the excavation rate-to-hydraulic conductivity ratio for the
project, ER/k, and iii) the width to depth excavation ratio, B/He . After defining required input soil
properties and excavation parameters, either Figure 38 or Eq. (11) can be used to estimate the
excess pore water pressure ratio (i.e.,  = ue ⁄v ) inside the excavation and behind the excavation
support system. Based on the computed -value at basal soils and the ER/k ratio, the type of
drainage condition controlling the fully coupled mechanism between groundwater and solid phase
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can be determined using Figure 39 and 40. Recall that a ER/k lower than 10 was proposed as the
upper limit in which drained analyses will suffice to describe the soil behavior in the excavation.

Figure 41. Flowchart of the proposed method for estimating fully coupled response of
excavations.
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For -values larger than 0.3 which occur at an approximate ER/k of 104 (see Figure 37, 39
and 40), undrained analyses can be used, otherwise fully coupled solid-fluid analysis would be
recommended. If the conditions required for fully coupled or undrained analysis are satisfied, the
normalized ground surface settlement response and maximum ground surface settlement-to-lateral
wall movement ratios can be determined using Figure 39 or Eqs. (12-14) and Figure 40 or Eqs.
(15-16), respectively. Next, the maximum ground surface settlement arising from undrained
conditions must be estimated from either finite element simulations, empirical, or semi-empirical
methods (Peck 1969; Mana and Clough 1981; Clough et al. 1989; Clough and O’Rourke 1990a;
Long 2001; Ou 2006; Wang et al. 2010; Bryson and Zapata-Medina 2012). This parameter is
required in Eqs. (12) and (13) to determine the maximum ground surface settlement and lateral
wall movement as a result of solid-fluid fully coupled analyses.
The proposed method is intended to inform the design process on: (i) the definition of the
appropriate drainage conditions controlling the soil behavior, (ii) the estimation of maximum
excavation-induced ground surface settlements and lateral wall movements, (iii) the estimation of
ue arising from the excavation, and (iv) the definition of the conditions required for implementation
of fully coupled solid-fluid behavior (ER/k, B/He , and ). Especial attention should be paid to
construction-related factors that are beyond the capabilities of the proposed method that will
drastically change expected performance, including: wall installation process, construction
technique (i.e., poor workmanship), construction and removal of deep foundations or other
underground structures, overexcavation, wall settlements, changes in groundwater conditions,
removal of bracing levels during the excavation, time-dependency problems in structural materials,
among others.
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Validation with Excavation Case Histories
The capabilities of the proposed pore-pressure informed method were assessed using published
case history data of the performance of deep excavations. Table 11 summarizes the reported soil
site properties (s and k), excavation geometry (ER, B, and He ), type and stiffness (EI⁄w h4) of
excavation support system of the selected case histories. These case histories were performed in
predominantly soft-to-medium clays with undrained shear strengths below 70 kPa. In addition, the
Terzagui’s factor of safety against basal heave (Terzaghi 1943), F.S, and the total vertical stress
relief, v were computed and the results are included in the table. The hydraulic conductivity of
the affected soils for the selected projects ranged from 1x10-7 to 1x10-8 cm/s with the exception of
the top-down construction of a seven-story underground parking garage at Post Office Square in
Boston (POS, case #3: Whittle et al., 1993), where interbedded layers of sand were observed in
the Boston blue clay increasing its overall hydraulic conductivity from 5x10-8 cm/s to 1x10-6 cm/s.
A large range of stiffness factors, EI⁄w h4, varying approximately from 10 for a sheet pile wall
(SPW) to 3000 for a diaphragm wall (DW) were computed from the case histories. Computed
excavation rates varied from 0.08 to 1.2 m/day. The former value was reported by Whittle et al.
(1993) for the POS basement construction (POS, case #3), while the latter was reported by Whelan
(1995) for the 760 m-long highway excavation in Boston, (CATP, case #6). In general, the selected
excavations reported in the table had F.S. and B/He ratios larger than one and excavation rates
ranged from one to four orders of magnitude larger than the hydraulic conductivity of the affected
soils. Field monitoring programs reported in the case histories consisted of piezometers located at
the bottom of the excavation (i.e., basal soils) and/or behind the excavation support system (i.e.,
retained soils).
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Table 11
Summary of excavation geometry and soil properties of seven excavation case histories selected to validate the proposed method.
s

k

Wall

kN/m3

m/day

---

BUM

19

2.6×10-5

Ou et al. 1998

TDM

19.6

3.5×10-5

POS

Whittle et al.
1993

TDM

19.6

YRS

Liu et al. 2005

BUM

Tag

Reference

#

---

---

1

ASC

Rouainia et al.
2017

2

TNEC

3
4

Type

aEI⁄

h4

v

ER

B

He

---

m/day

m

m

DW

1341

0.51

100

15

1.7

277

DW

486

0.17

43

20

1.3

169b

9x10-4

DW

900

0.08

61

20

12.8

392

15

8.6×10-5

DW

400

0.82

17

16

2.4d

232

-4

d

c

w

F.S.

kPa

5

HDR-4

Finno et al. 1989

---

19

1.9×10

SPW

30

0.3

12

12

1.1

232

6a

CATP–N

Whelan 1995

BUM

17.4

4.3×10-5

DW

615

1.19

61

12

1.6

214

6b

CATP–S

Whelan 1995

BUM

17.6

4.3x10-5

SPW

10

0.87

61

11

1.6

195

7

GCM–UK

Lam et al. 2014

C

16.5

1.0×10-5

DW

2860

0.12

7.2

5.4

1.0d

89

Computed using Clough et al. (1989) with w = 10 kPa and the information provided in the original papers.
Piezometric readings in this case history were reported only up to z = 8.6 m.
c
Pre-existing downward flow observed in the excav. due to presence of interbedded sandy layers. Reported k =5x10-8 increased to 1x10-6 cm/s.
d
As reported in case history. The remaining values are computed by the authors.
a

b

Abbreviations: BUM = Bottom-Up Method, TDM = Top-Down Method, C= Centrifuge, SPW = Sheet Pile Wall, DW = Diaphragm Wall
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Table 12 lists -values and excess pore water pressure, uCe , computed using Eq. (11) (see
Figure 38) for basal and retained soils. Table 12 also lists the maximum measured excess pore
water pressure, uM
e , as reported in each case history at either the end of the excavation or end of
piezometric records. Computed-to-measured excess pore water pressure ratio and the information
regarding the recommended type of analysis based on Figure 41 are also shown in the table. For
the selected projects, undrained conditions are recommended for the analysis of the excavation
performance, except for case histories two (TNEC), three (POS), and five (HDR-4) in which fully
coupled solid-fluid analysis are more appropriate. Note that excavations presented in cases two
and three followed top-down construction techniques. Top-down methods use the floor slabs of
the basement structure to provide lateral support to the excavation support system. Construction
times employed to place and let cure the concrete floor slabs are considerably longer than the
installation of typical bottom-up cross-lot bracing systems. Inactivity periods larger than 30 days
between excavation stages for the construction of the bracing system reported in the TNEC and
POS case histories could have caused partial dissipation of negative ue -values during the
excavation, particularly true for the POS excavation where interbedded pockets of sands were
reported by Whittle et al. (1993). Both case histories concluded that effects of transient
groundwater flow and partial dissipation of ue on observed ground movements were important for
the analyses of the excavation performance. This is encouraging for the validation of the proposed
method since those comments match the recommended type of analysis in this chapter as presented
in the last column of Table 12.
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Table 12
Measured and computed excess pore water pressures with the proposed method for the selected case histories
Basal soils

#

Case
history

ER/k

B⁄He

1

ASC

1.9×104

6.8

3

a

2
3
4

TNEC
POS
YRS

4.3×10

1

9.2x10

3

9.5×10

3

5.0

3.1
1.1





uC
e

uM
e

M
uC
e ⁄ue



uC
e

uM
e

M
uC
e ⁄ue

---

kPa

kPa

---

---

kPa

kPa

---

Rec. type of
analysis
Undrained

1.34x105 0.40 110.3 109.9
3

2.5x10

Retained soils

0.30

51

50

1.00

0.16 43.1

---

---

1.02

0.06 10.3

15

0.7

2

0.10

40.9

---

---

0.01

4

0.37

86.5

---

---

3

2.82x10
1.07x10

Fully coupled

3

b

1.38

0.12 27.0

30

0.90

Undrained

4.1

b

Fully coupled

5

HDR-4

1.5×10

1.0

1.69x10

0.27

62.9

---

---

0.05 11.0

11.3

0.98

Fully coupled

6a

CATP–N

2.7×104

5.0

1.37x105 0.40

85.3

93.1

0.92

0.16 33.3

30.4

1.10

Undrained

6b

CATP–S

2.0×104

5.5

1.11x105 0.40

77.5

78.4

0.99

0.15 30.1 30.4c

0.99

Undrained

GCM–UK 1.3×104

1.3

1.73x104 0.38

34.0

40

0.85

0.13 11.6

1.16

Undrained

7
a

Piezometric readings in this case history were reported only up to H = 8.6 m.
Measured at 14 m from the support system.
c
No reported. South and north piezometers readings assumed equal.
b

Note: Negative ue values are presented as positive for simplicity.
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In the HDR-4 project (Finno et al. 1989) in Chicago, IL, large dissipation of ue during the
excavation were measured; mostly attributed to large volumes of excavated soil and formation of
two shear zones behind the support system. The remaining cases did not report important issues
regarding dissipation of ue on the excavation performance. Note also case number three (POS) was
the least well-predicted ue because the piezometer was located 14 m from the support system and
site-specific drainage conditions, different to those considered in this study, were observed in deep
soil layers. This led to an overestimation of pore water pressures of approximately 38%.
Table 13 lists computed maximum ground surface settlements and lateral wall movements
computed using the method described in Figure 41 and proposed expressions based on  in Eqs.
(12) and (15) and ER/k in Eqs. (13) and (16). Normalized ground surface settlements obtained
from Clough et al. (1989) considering undrained conditions were also presented in the tables. A
detailed description is provided for each column to explain the procedure carried out to compute
the values listed in the table. From all the selected case histories, only case four and five showed
larger dispersions from measured values. These differences are attributed to construction activities
not accounted for in the proposed method. Liu et al. (2005) reported application of ground
improvement methods during the excavation at the Yishan Road station in Shanghai (YSR, case
#4), while Finno et al. (1989) concluded that construction-related problems such as overexcavation
and lack of stiff stratum at embedded soils (i.e., low factor of safety against basal heave) in the
HDR-4 excavation in Chicago developed two shear zones at the active side of the excavation,
resulting in larger ground movements than expected.
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Table 13
Computed and measured ground surface settlement and lateral wall movements for selected case histories
UD
UD
v,max
⁄He v,max ⁄v,max

v,max ⁄h,max

C
v,max

M
C
M
v,max
v,max
⁄v,max

hC,max

hM,max

hC,max⁄hM,max

(11) (12)

(13)

(14)

(15)

#

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

1

0.25%

0.96

1.00

0.66

0.60

35.1

36.5

29.2a

1.20

1.25

53

61

62a

0.85

0.98

2

0.40%

0.99

1.03

0.68

0.62

78.2

81.3

74.3

1.05

1.09

114

132

106

1.08

1.25

3

0.12%

1.13

1.24

0.77

0.71

27.1

29.7

30b

0.90

0.99

35

42

35 b

1.01

1.19

4

0.12%

0.97

1.00

0.67

0.60

18.0

18.6

12c

1.5

1.5

27

31

25c

1.08

1.24

5

1.50%

1.02

1.02

0.70

0.61

185.9

185.8

254d

0.73

0.73

266

306

177.8d

1.50

1.72

6b

0.90%

0.96

1.00

0.66

0.60

96.0

100.0

84

1.14

1.19

145

167

140

1.03

1.19

7

0.42%

0.97

1.00

0.67

0.60

21.9

22.7

30

0.73

0.76

33

38

35

0.94

1.08

a

Reported from numerical simulations.
Average value from the reported scatter in the settlement measurements.
c
Value reported after ground conditions improved.
d
Computed settlement is smaller than measured because of overexcavation and lack of stiff stratum at embedded soil.
Note: Units in millimeters (mm).
b

Column 1: Computed following Clough et al. (1989) assuming undrained conditions and v,max ⁄h,max = 0.6 (Figure 35).
Column 2: Computed using Eq. (12) or Figure 39(a) for  values listed in Table 12
Column 3: Computed using Eq. (13) or Figure 39(b) for ER/k ratios listed in Table 12
Column 4: Computed using Eq. (15) or Figure 40(a) for  values listed in Table 12
Column 5: Computed using Eq. (16) or Figure 40(b) for ER/k ratios listed in Table 12
Column 6 and 7: Computed using columns (1 and 2) and using columns (1 and 3), respectively.
Column 9: Comparison between computed and measured (reported in case history) max. ground surface settl. using columns (6) and (8)
Column 10: Comparison between computed and measured (reported in case history) max. ground surface settl. using columns (7) and (8)
Column 11 and 12: Computed using columns (4 and 6) and using columns (5 and 7), respectively.
Column 14: Comparison between computed and measured (reported in case history) max. lat. wall movements using columns (11) and (13)
Column 15: Comparison between computed and measured (reported in case history) max. lat. wall movements using columns (12) and (13)
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Figure 42 shows the computed and measured excavation responses using the proposed
method and selected case histories in terms of ue (Table 12 and Figure 42a), maximum ground
surface settlements (Columns 6-8 in Table 13 and Figure 42b-c), and maximum lateral wall
deformation (Columns 11-13 in Table 13 and Figure 42b-c). Figure 42(a) illustrates the
comparison between computed and measured ue . The computed values used the information
summarized in Table 12 as input parameters in Eq. (11) (see Figure 38). Computed maximum
negative ue -values were remarkably close to those measured in the case histories. Figure 42 (b-c)
present the computed results of the proposed method for excavation-induced settlements and
lateral wall movements using -based Eqs. (12) and (15) and ER/k-based Eqs. (13) and (16),
respectively. In addition, Figure 42(b) also shows ground movements computed using the -based
Eq. (14). Recall that this equation represents a more conservative calculation of ground movements
than those using Eq. (12), leading to larger ground movements than those reported in the selected
case histories. Ground movements presented in Figure 42(b) showed a much closer approximation
to the values reported in the selected case histories than those presented in Figure 42(c). In general,
the proposed model adequately described the pore water pressure buildup and excavation-induced
ground deformations for the selected case histories as indicated by coefficients of determination,
R2, larger than 0.92. Most computations were within 20% of the measured values. The proposed
method can be used in practice as a first and quick approximation to plan excavation rates and
define design methodologies that will better match expected soil behavior. Overexcavation, poor
workmanship, and other construction-related factors can cause unintended ground deformations
that can lead to large discrepancies between computed and measured responses.
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Figure 42. Measured (i.e., reported from the selected case histories) excavation response
versus computed: (a) excess pore water pressure, (b) -based ground movements, and (c)
ER/k -based ground movements.
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CHAPTER FIVE: MODELING MOMENT-RESISTING FRAME
BUILDINGS ADJACENT TO A DEEP EXCAVATION
The design of deep excavations involves basal stability checks, ultimate load capacity, and
serviceability analyses of the entire system composed of soils, excavation support system, bracing
system, and adjacent infrastructure. The reliability of the numerical output of such a complex
system to guide excavation designs depend on the underlying assumptions and features of the
numerical model in terms of soil-structure interface modeling, groundwater regime modeling,
structural response, construction sequence, and stress history of the soil deposit that brought the
soil to the in situ stress conditions. Geotechnical modeling based on beam on nonlinear Winkler
foundation theories or elastic-perfectly plastic models that do not track the entire stiffness
degradation of the soil cannot capture observed or measured excavation performance. Also,
structural modeling based on simplified formulations that do not include geometric instabilities of
structural members, stress-strain-strength distribution over the structural cross section, and axialmoment-shear interactions cannot be used to capture observed excavation performance either.
Results found in this chapter were presented in Uribe-Henao et al. (2020).
To overcome those deficiencies, OpenSees (McKenna and Fenves 2001), an objectoriented software framework mostly used for earthquake engineering applications, combines the
use of advanced constitutive soil models and advanced nonlinear structural elements and
formulations to analyze the nonlinear-inelastic response of geostructures. The goal of this chapter
is to provide modeling guidelines for the analysis of MRF buildings next to deep excavations using
OpenSees. Input modeling strategies include soil-structure interaction, solid-fluid interaction (i.e.,
development and dissipation of excess pore water pressures), stage construction, and nonlinear

105

coupled soil-structure behavior. The chapter also presents a quasi-static type analysis currently
unavailable in OpenSees and required for modeling excess pore water pressures arising from
typical excavation unloading processes. Excavation-induced deformations and stress contours of
an archetype deep excavation performed in compressible clayey soils are presented and a flowchart
is provided to guide mostly geotechnical engineers on the use of OpenSees for the analysis and
design of these geostructures.
Modeling Approach for Deep Excavations
The nonlinear behavior of retaining structures can be characterized using a distributed
plasticity numerical approach, which distributes the inelastic behavior by numerical integration
over the cross-section and along the deformable region of the member length. The axial-bending
behavior of structural members is taken into account using fiber sections at each integration point
that follows the adopted stress-strain formulation. However, fiber-based elements do not account
for section degradation after a plastic hinge is generated, leading to overestimation of global
collapse or member failure. The concentrated plasticity method offers an alternative solution to
capture their failure load capacity. This method locates the inelastic behavior in a specific point in
the form of force-displacement relationships (e.g., moment-rotation) that accounts for the postplastic behavior of the member but neglects the axial load contribution to flexural strength (Noh
et al. 2017). An additional problem arises when determining plastic zones of retaining structures.
These geostructures that serve as support for earth and water pressures are influenced by other
non-structural factors such as geomechanical response of soils to excavation unloading, bracing
type and installation method, excavation construction sequence, among others, that may change
the location of plastic zones, a critical variable for concentrated plasticity. Thus, the use of a
distributed plasticity for the analysis of deep excavations is advised in this chapter.
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Figure 43 shows the recommended modeling approach for retaining structures braced
against lateral movements. Two type of elements can be used to define the nonlinear behavior of
the wall as it is shown in Figure 43a; dispBeamColumn and forceBeamColumn elements. Both
elements use a uniaxial material stress-strain relationship to define fiber element response. Note
that in the figure Concrete01 and Steel02 uniaxial materials are presented as examples for a wall
made of reinforced concrete but additional materials and sections can be found in McKenna and
Fenves (2001). The bracing system can be modeled using unit-length truss elements made of
elastic-perfectly plastic materials (ElasticPP) as shown in Figure 43b. This proposed bracing
model is defined by five parameters: cross-sectional area A, Young’s modulus E, bracing spacing
L, compression/tension yielding force Py, and initial deformation uo, given by the initial wall
deformation at the elevation of the bracing system.
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Figure 43. Recommended structural modeling approach: (a) excavation support system
modeling using distributed plasticity and (b) bracing modeling in OpenSees
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Figure 44 presents the geotechnical modeling approach employed to simulate the
nonlinear-inelastic response of soils during a deep excavation. Continuum elements (e.g.,
quadrilateral and triangular elements) and multi-dimensional materials (nDMaterial) are used to
create the soil mesh and model the constitutive soil behavior and response to excavation unloading,
respectively. OpenSees has a vast number of continuum elements that one may choose for meshing
a soil profile, but geotechnical applications require modeling a two-phase material for fully
saturated soils (i.e., u-solid and p-fluid phases), limited in OpenSees to only continuum u-p
elements. The nine four node quad u-p element (94QuadUP) shown in Figure 44a employs a fully
coupled solid-fluid material formulation that accounts for the development of excess pore water
pressures and allows volume changes of the soil skeleton coupled with the fluid phase (Chan 1988).
Pore water pressures are considered by including an additional degree of freedom (DOF) at the
four corners of the 94QuadUP. DOF 1 and 2 are for solid displacements (u) and DOF 3 for fluid
pressures (p) (McKenna and Fenves 2001). While the fluid response is defined by four parameters;
bulk modulus and mass density of fluid (i.e., 2.2 GPa and 1 gr/cm3 for water, respectively), initial
porosity, and permeability coefficient in horizontal and vertical directions, the solid response (i.e.,
constitutive behavior) of the element is given by a previously defined nDMaterial. Different
alternatives to model the nonlinear soil response due to an excavation are available in OpenSees,
however, the pressure dependent multi-yield model (Yang and Elgamal 2002) presented in Figure
44b is adopted in this chapter. This model is based on the framework of multi-surface plasticity of
Prevost (1985) and uses a conical yield surface defined in terms of mean normal stresses, deviatoric
stresses, and a second-order deviatoric tensor. This model does not incorporate the effects of the
third invariant so that shear strength differences between triaxial compression and extension are
not explicitly included. The shear stress-strain response of the material is defined by a nonlinear
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hyperbolic backbone curve as a function of octahedral shear stresses and strains and low-strain
shear moduli. The contractive, dilative, and critical state response of the material is incorporated
with a phase transformation surface defined by Ishihara et al (1985) using a stress ratio to define
the increase/decrease of volumetric strains in the model. Please refer to Yang and Elgamal (2002)
for further information about parameter calibration and constitutive equations.
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Figure 44. Geotechnical modeling approach: (a) u-p quadrilateral element and (b) basic
elements of the pressure dependent multi-yield surface model (Yang and Elgamal 2002).

The interface between soil and excavation support system can be modeled as a frictional
contact interface defined using the BeamContact2D element and the ContactMaterial2D
nDMaterial. This element is used to create a contact condition between soil and structure using
two constrained nodes (structure), a restrained node (soil), and a Lagrange multiplier. The
constitutive model ContactMaterial2D employs a Coulomb frictional law to account for the
frictional slipping, sticking, and separation between a beam-type element (i.e., excavation support
system) and a continuum element (i.e., soil). Four parameters define its constitutive behavior:
friction angle, cohesion, tensile strength, and stiffness of the contact material.
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Proposed Quasi-Static Analysis for Deep Excavations
OpenSees employs a fully coupled solid-fluid methodology (i.e., u-p formulation) to
account for the time-dependent physical process of accumulation and dissipation of pore water
pressures; a process defined by two dynamic equations based on the Biot (1962) theory for wave
propagation in a saturated porous material. One equation of motion is used for solid-fluid mixture
and one of mass conservation formed by an equation of motion for the fluid phase and Darcy’s
law (Chan 1988). Elements based on this methodology have been successfully used to study the
dynamic response of soil systems but their use in static problems (i.e., deep excavations in a stage
construction scheme) requires a quasi-static formulation to enforce its application in transient
analyses. Figure 45 presents a flowchart for the proposed quasi-static analysis (QSA) aimed at
optimizing the time increments necessary to reach steady state conditions and to satisfy
equilibrium of forces of a fully-coupled time-dependent problem of saturated soils under undrained
or partially drained conditions.
A series of components (e.g., constrains, numberer) and control variables must be defined
before the QSA is initialized. The analysis components listed in Figure 45 are part of the OpenSees
command language and are used to define how the constrains are enforced, decide the mapping
between equation numbers and DOFs, select a solution algorithm and integrator, and determine
when convergence is achieved. Further details can be found in McKenna and Fenves (2001). In
addition, the following control variables are required to (i) define the tolerance for displacement
increments, dispTol, (ii) limit dissipation of excess pore water pressures, pwpTol; (iii) determine
the initial time-step increment, t0; and (iv) limit the accumulated time of analysis, aTime so that
it does not exceed the construction stage time, stgTime. After the definition of required input

110

parameters and variables, the first step in the analysis can be performed using a time-step increment
t0. If convergence problems are observed during the analysis, t0 can be reduced to achieve the
desired tolerance; however, t0 values lower than 0.01 s can induce undesired vibrations to the
system and lead to an unrealistic soil response. Next, an iterative sequence to optimize the timestep increment needs to be performed until steady state conditions are obtained and equilibrium is
satisfied. Recall that pore water pressures and displacements arising from an excavation change as
time advances in the analysis and hence, the optimum time increment will vary as a function of
soil behavior and time rate of pore water pressure dissipation (i.e., consolidation). In order to
account for this time-dependent coupled behavior, a simplified iterative approach is implemented
in OpenSees where the time increment is controlled using the obtained displacement field whereas
the dissipation of excess pore water pressures is enforced in the system by the given time
increment. It was observed after several iterations that this displacement-controlled (DC-QSA)
approach resulted in a more computationally efficient and stable solution than an analysis where
time increments were controlled by pore water pressure dissipation rate and unrestrained
displacement field. A pressure-controlled approach is susceptible to large changes in
displacements which can result in large unbalance force vectors causing convergence issues
associated with combined transient and static analyses.
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Figure 45. Flow chart for implementation of quasi-static analyses for deep excavations
in OpenSees.

Initially, ground displacements and pore water pressures are taken from the model as a
result of a time-step increment, ti and then used to compute the incremental displacements, disp
and excess pore water pressures, ePwp at current step i. If the incremental displacements are larger
than the tolerance (i.e., disp > dispTol), the time increment should remain constant and a new
step is performed. Otherwise, excess pore water pressure levels are assessed to determine if they
have been fully or partially dissipated and then, conclude the analysis (i.e., ePwp < pwpTol). Also,
the time increment is accumulated to determine whether the analysis is completed before pore
water pressures are fully dissipated, which is only possible when the stage construction time is
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reached (i.e., aTime > stgTime). In case the tolerance or stage construction time are not achieved,
the time increment is increased, and the next step is initiated. However, the selection of an
inappropriate time increment can lead to unexpected convergence problems as it is illustrated in
Figure 46. Figure 46(a) shows how the choice of a very small time increment (e.g., lower than 0.01
s) can lead to a “fictitious” steady state induced when a very small portion of the QSA is
considered, resulting in slow convergence issues. On the other hand, very large time increments
(e.g., larger than 1 day) will lead to unrealistic ground deformations and large values of excess
pore water pressures (i.e., undesired vibrations) as presented in Figure 46b. An additional problem
arises when the time increment remains unchanged during the entire analysis. Figure 46c shows
that for constant increments of time, the unbalanced forces induced by the excavation will take the
form of a sinusoidal wave that may not reach steady state conditions. Thus, QSA combined with
boundary values that limit the selection of time increments will result in a more computationally
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Figure 46. Convergence problems associated with the selection of time-step increments:
(a) small; (b) large; and (c) constant time increments.
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Numerical Simulation of an Excavation in OpenSees
The numerical analyses presented in this section are intended to validate the response of a
deep excavation under partially drained conditions using fully coupled solid-fluid behavior and
following the proposed DC-QSA (Figure 45) in OpenSees. An archetype plane strain excavation
model in compressible clays is shown in Figure 47. This figure presents the interface modeling
approach, retaining wall geometry, bracing system, and soil layout used in the excavation. The
94QuadUP element was employed to model the subsurface conditions using the PDMY model
parameters presented in McKenna and Fenves (2001) for soft, medium, stiff compressible soils
with permeability values of 5, 1.7, and 0.42 x10-9 m/s, respectively. The excavation support system
made of interlocked modular pieces of PZC-18 was braced using three W-shaped steel beams (SB);
W14x176 steel section for the bracing located at 0.5 m from the top of the wall, and W14x193 and
W14x211 located at depths 3.3 and 6.1 m respectively. The behavior of the excavation support
system was modeled using force-based elements with five Gauss-Lobatto integration points along
each element using as stress-strain relationship the Steel02 uniaxial material parameters: Es =
200GPa, Eh = 2 GPa and fy= 420 MPa. Connections between elements were assumed to be
continuous (i.e., relative forces and deformations inhibited between elements). The bracing system
was modeled using unit-length truss elements made of ElasticPP material (see Figure 43b), with
E = 200 GPa, L = 5m, fy = 250 MPa. The contact interface is modeled using the
ContactMaterial2D with friction and stiffness values of 1 and 70 MPa, respectively. The contact
between the wall and adjacent soil is enforced using BeamContact2D elements as it is illustrated
in Figure 47 with two constrained nodes and a restrained node.
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Figure 47. Numerical model of an archetype 8.8-m excavation in clayey soils

Table 14 lists the construction stages and control parameters used in the numerical model.
Initially, a gravity analysis was performed to reproduce the stress history of the soil and reach insitu conditions. Then, 94QuadUP elements at the location of the excavation support system were
removed and forceBeamColumn and BeamContact2D elements used to simulate the geostructure
were activated. Pore water pressures and ground movements caused by the installation of the wall
were computed using the DC-QSA with t0, dispTol, and pwpTol equal to 0.01s, 0.01 mm, and
0.1 kPa; respectively. The stage construction analysis was modeled by deactivating the
corresponding soil clusters to reproduce soil removal sequence and by allowing excess pore water
pressures to accumulate and dissipate. Soil was excavated in small amounts by removing a line of
soil elements per stage until target excavation levels at the elevation of lateral bracings were
reached. DC-QSA parameters listed in Table 14 were used after each removal stage to reach a
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steady state condition and satisfy equilibrium of unbalanced forces in the model. Note that
removing large volumes of soil will result in large application of unbalance forces to the
geostructure which will induce undesired vibrations to the ground causing unrealistic deformations
and stresses. Finite element sizes up to 0.4 m did not cause large unbalance forces and undesired
vibrations in the model were rapidly dissipated. After each excavation stage, lateral bracing was
provided at the corresponding elevations (see Figure 47).
Figure 48 shows contours obtained at the final stage of the excavation for ground
movements, excess pore water pressure, mobilized shear stress ratio (i.e., ratio shear stress to
failure shear stress), and vertical effective stress. Results obtained from the numerical model were
computed using the aforementioned modeling approaches, accounting for the nonlinear response
of soil and structure. The numerical model was successfully solved using proposed DC-QSA
presented in the Figure 45. The time-step increment varied from values between 0.01 and 3600 s
and converge was reached after 200 steps for most of excavation construction stages.
Table 14
Stage construction analysis followed during the excavation

Stage

Description

t0
sec

dispTol

pwpTol

stgTime

mm

kPa

days

Gravity

Reproduce in-situ conditions

10

0.01

0.1

-

0.01

0.001

0.1

-

Wall installation

Remove soil elements
Activate interface and forceBeamColumn elements

Excavation to SB1

Remove soil clusters up to SB1 elevation

0.01

0.01

0.1

1.0

SB1 installation

Installation of first steel beam bracing

0.1

0.1

0.1

0.25

Excavation to SB2

Remove soil clusters up to SB2 elevation

0.01

0.01

0.1

3.5

SB2 installation

Installation of second steel beam bracing

0.1

0.1

0.1

0.25

Excavation to SB3

Remove soil clusters up to SB3 elevation

0.01

0.01

0.1

3.0

SB3 installation

Installation of third steel beam bracing

0.1

0.1

0.1

0.25
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Figure 48. Final contours of excavation construction analysis: (a) deformed mesh, (b)
vertical effective stress, (c) excess pore water pressures, and (d) mobilized shear strength.
Units in kPa.

To compare the fully-coupled response obtained in OpenSees for saturated soils, an
additional numerical model was conducted in PLAXIS2D using the same excavation construction
sequence listed in Table 14 and excavation layout and support system presented in Figure 47. The
soil constitutive parameters were simplified to an elastic material in order to match the soil
response in both numerical platforms: PLAXIS and OpenSees. Note that constitutive soil models
implemented in OpenSees and PLAXIS differ in behavior and assumptions adopted for the
nonlinear behavior of the soil. Figure 49 shows the model deformed shape and pore water pressure
distribution obtained at the end of the excavation. Ground movements computed for both
numerical models were equal at all the stages of the excavation as presented in the figure. Figure
50 shows pore water pressure computed at depths of 2, 4, 6 and 8m, denoted with letters A, B, C,
and D, respectively. Results showed how the proposed DC-QSA implemented in OpenSees can be
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used to simulate the fully coupled response of excavations. Pore water pressures computed at the
four points in both numerical models perfectly matched, showing negligible differences during the
excavation.

Figure 49. Fully coupled response computed using PLAXIS2D and OpenSees.
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Figure 50. Pore water pressures varying with accumulated time of analysis computed
using PLAXIS2D and OpenSees

118

Numerical Simulation of Initial Gravity Forces on Buildings Adjacent to Excavations
The distribution of internal forces computed during the nonlinear analyses of frame
buildings affected by excavation-induced ground movements are highly dependent on the initial
gravity forces acting on beams and columns. Past efforts in modeling the response of moment
resisting buildings due to excavation-induced movements (e.g., Son and Cording 2005, 2008; Goh
and Mair 2014) have failed to include gravity forces caused by the type of occupation and selfweight of nonstructural members leading to an erroneous interpretation of the inelastic
mechanisms in the structure. Moment-resisting frame buildings, as opposed to bearing-wall
structures, due to their degree of structural redundancy are capable of redistributing internal forces
and excavation-induced stresses caused by the application external disturbances (i.e., settlement
of main structural members) allowing the building to achieve large displacements and ductile
behavior. This redistribution of internal forces can be only included in finite-element analysis by
accounting for the initial state of bending moments, axial loads, and shear forces acting on the
structure.
Buildings depending on their purpose, importance, and demand are conceived to withstand,
during their service life, minimum gravity loads in accordance with standards and design
provisions from local codes. These loads are transmitted and supported by the soil beneath the
foundation causing a rapid accumulation of excess pore water pressure. Over time, these excess
pore water pressures dissipate and soils within the affected zone in the foundation mobilize strains
and stresses, change in volume, and form drainage paths as consolidation occurs. Once fully
dissipation of excess pore pressure and drained conditions are achieved, stress paths induced to
the affected soil layers, especially for glacial clay deposits analyzed in this dissertation, alter their
free-field constitutive behavior and effective parameters. A constitutive model capable of
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capturing these effects of stress-strain history and small-strain behavior on clayey materials is not
available in OpenSees and changes in the free-field conditions due to stresses and strains induced
by gravity forces of buildings cannot be explicitly accounted in numerical simulations. Although
other geotechnical software such as PLAXIS and FLAC have coded advanced constitutive soil
models (e.g., Hypoplasticity clay model) capable to capture these effects, they do not have a robust
structural modeling formulation that can capture the inelastic mechanisms formed in the structure
when subjected to distortions and differential settlements caused by adjacent excavations. Thus, a
novel traction interface is proposed to account for the effects of gravity forces on soil-structure
interaction models using OpenSees.
Figure 51 illustrates the modeling approach of a traction interface between foundation and
soil to consider the initial gravity forces acting on the soil and the building once excess pore water
pressures have been fully dissipated, and soil has reached drained conditions. Figure 51(a) shows
the elements, constrains, and materials defined in the interface. The foundation is connected to the
soil using a series of constrains to define equal degree of freedoms in the lateral and vertical
directions. Only the intermediate node, circled in the figure, is modeled using a zeroLength element
that connects the foundation to a fixed node with stiffness properties and behavior presented in the
figure as k1 and k2. Both stiffness parameters describe the bilinear behavior of the interface and are
defined using a parallel material in OpenSees. Note that axial forces arising from the excavation
are supported by the interface and are not distributed in the soil. Shear and moment forces are
applied to the structure with same magnitude and opposite direction so that equilibrium is satisfied
at every stage during the excavation. The figure also shows a physical separation or gap between
the soil and the foundation caused by differential settlement in the building. This gap is included
in the parallel material of the intermediate element as do. In the field, internal forces, caused by the
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gravity forces and deformations in the building, re-distribute to offset the temporary loss of support
induced by the differential settlements, triggering plastic mechanisms as the excavation advances.
This behavior is captured by the interface using the bilinear response presented in the figure.

Figure 51. Soil-structure interaction modeling approach: (a) interface between soil and
foundation and (b) element-scale behavior of interface

Figure 51(b) shows the elastic-perfectly plastic gap (ElasticPPGap) and elastic-perfectly
plastic material (ElasticPP) used to define the parallel material and zeroLength element presented
in Figure 51(a). k1 and k2 are defined in relation to the building response, and parameters are
updated as the soil is excavated. It is recommended to use a value of k1 large enough to obtain
negligible relative movements between the soil and the foundation after the gap is closed. On the
other hand, k2 is defined in the ElasticPP so that the initial force in the element (at zero
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deformation) is equal and opposite to the axial reaction in the foundation (= P/do). Note that this
tension load permits a controlled axial unloading as the foundation settle and reach equilibrium
during the excavation, reducing sudden changes in the global stiffness matrix that can lead to
singularities and convergence issues in the finite-element analysis.
Figure 52 shows a flow chart with an iterative sequence recommended to include soilstructure interaction effects in the excavation analysis using the traction interface presented in
Figure 51. The flow chart starts with the gravity analysis of a building with restrained boundary
conditions to compute axial, shear, and moment reactions attributed to the initial gravity forces.
Next, the boundary conditions are released, and the reactions are applied to the building as external
loads with same magnitude and opposite direction to guarantee equilibrium of forces in the
building. Constrains are also applied to the soil and support nodes using an equalDOF as it was
illustrated in Figure 51(a). After that, the excavation sequence is initiated by starting the first cycle
of soil removal. In this stage, reactions at the supporting nodes and vertical deformation in the
nodes beneath the foundation are recorded and the gap, do is computed. In case that do was equal
to zero at the end of the analysis, the next cycle of the excavation can be started by removing an
additional line of elements in the numerical model. Otherwise, the properties required to define
the intermediate zeroLength element in the interface are computed and the element is activated. A
new stage is introduced in the analysis to compute the new state of stresses and forces in the model.
To speed up the subsequent analysis and avoid undesired forces in the soil, the zeroLength element
is removed and a new set of loads are applied to the foundation in opposite direction of the current
reactions to guarantee equilibrium in the structure. Finally, the following stage of the excavation
is performed, continuing the iterative process until the numerical analysis is finished.

122

Figure 52. Flow chart for the integration of the traction interface with the excavation
sequence

A numerical model using the methodology presented in Figure 43 to Figure 52 was used
to model and excavation adjacent to a mid-rise moment-resisting building, employing same
constitutive soil parameters, water table, stratigraphy, and excavation support system presented in
Figure 47. Structural elements employed for beams and columns were assumed to behave elastic
and are not part of the analysis. A building located at 5, 10, 15 m from the excavation support
system was included in the numerical model supported by shallow foundations placed 2m depth
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from the ground surface. The contact between the foundation and the soil was modeled using the
traction interface presented in Figure 51. Minimum gravity forces for residential/office use of 51
kN/m2 were applied to beams. The construction sequence listed in Table 14 was updated to include
the iterative sequence presented in Figure 52 as an additional stage after the removal of each line
of soil clusters inside the excavation. The same parameters as the DC-QSA method were used
during the analysis. This numerical model was used to study the influence of soil-structure
interaction effects on the excavation response.
Figure 53 shows the settlement troughs computed including and ignoring the soil-structure
interaction effects in the finite-element analysis. The figure is normalized in the horizontal and
vertical axis to the primary influence zone (PIZ = 30m) defined by Ou (2006) and the maximum
ground settlement computed under free field conditions, respectively. The figure was computed
for excavations with a building placed at 5, 10, 15m away from their excavation support system.
Results confirm that initial gravity forces acting on buildings lead to much more flexible responses,
developing settlement profiles similar to those computed under free-field conditions. The influence
of soil-structure interaction was more notable for buildings located close to the excavation,
especially for those placed on the concave upward settlement profile. Differential settlements
between foundations were only obtained when the soil-structure interaction effects were included
in the numerical model. Finite-element analysis ignoring these effects can lead to the prediction of
an incorrect and stiffer response, which in turn, can cause a misleading interpretation of inelastic
mechanisms in the structure.
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Figure 53. Influence of soil-structure interaction in the computed settlement troughs for
a building located at: (a) 5m (b) 10m, and (c) 15m
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CHAPTER SIX: NONLINEAR-INELASTIC BUILDING RESPONSE TO
EXCAVATION-INDUCED MOVEMENTS IN GLACIAL CLAY DEPOSITS
The nonlinear-inelastic response of reinforced concrete moment resisting frame buildings
due to an adjacent excavation in glacial clay deposits is presented in this chapter. An advanced
numerical model built in OpenSees is used to account for solid-fluid coupled behavior of soils,
soil-building-excavation interactions, and structural post-yielding behavior of the building. The
flexural and axial response of structural elements in the building are modeled using the distributed
plasticity approach and the soil-structure interaction is modeled using a traction interface. The
effects of the excavation in the internal force redistributions of structural members, lateral and
vertical distortions, and ground surface settlements are presented in terms of angular distortions
and drifts, curvature ductility, axial forces, and flexural moments. The proximity of the building
to the excavation, structural aspect ratio, and strength and stiffness of the building are evaluated.
This chapter shows how even well-designed buildings to withstand large levels of lateral load
demands using strong column-weak beam approaches can still be subjected to significant
excavation-induced nonlinear-inelastic demands that can cause damage. This chapter highlights
the importance of providing adequate levels of vertical shear capacity to withstand the demands
caused by deep excavations.
Finite Element Modeling Strategy
The nonlinear analyses of an archetype reinforced concrete (RC) moment-resisting frame
(MRF) structure placed adjacent to a deep excavation are conducted to study the interaction
between the fluid-solid behavior of soils, soil-structure interaction, and redistribution of internal
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forces in the structural members as they develop nonlinear-inelastic deformations. The planar finite
element model used to simulate the excavation-building response is presented in Figure 54.

Figure 54. Finite element model of a nonlinear building adjacent to a deep excavation in
archetype glacial clays
The model consists of a soil profile with a superficial sand and five successive clay layers
modeled with plane strain elements, a ground water table located at the ground surface, a 26-m
deep excavation support system with six levels of bracings. The model also included an adjacent
RC MRF structure of variable height and width located at a distance e from the retaining structure
and supported by shallow foundations embedded 2 m from the ground surface. Columns and beams
of the building were simulated using plane stress elements. The model served as the baseline for a
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total of 27 finite element simulations used to elucidate nonlinear interactions of soils, deep
excavations, and RC MRF structures.
Constitutive Modeling for Soils and Excavation Support System
The soil profile begins with a dense sand with relative density and thickness of
approximately 75% and 4 m, respectively, followed by an overconsolidated clay crust with
undrained shear strength of approximately 200 kPa. Underlying this layer, two consecutive
normally consolidated soft and medium clays with undrained shear strengths varying from 30 to
80 kPa were defined at 5 and 12 m deep from the ground surface. At a depth of 20 m, the medium
clay transitioned to an overconsolidated clay with undrained shear strength varying between 300
and 400 kPa with a stiff-to-hard consistency. Beneath, a hard clay stratum was defined with an
undrained shear strength larger than 500 kPa. The soil layout selected in this chapter is comparable
to geologic characteristics exhibited by glacially derived soil deposits, e.g., Chicago soft clays
(Peck 1948; Peck and Reed 1954; Finno and Chung 1992), Boston blue clays (Fayad 1986; J.
DeGroot et al. 2019), or soil deposits characterized by the presence of soft-to-medium clayey
profiles such as those presented by Tan and Wei (2012) for Shanghai soils or Woo and Moh (1990)
for Taipei clays, even if those were not strictly derived from glacial environments. Two-phase
quadrilateral elements, 94QuadUP, were used to simulate the solid-fluid behavior of fully
saturated soils during the excavation. This type of element uses the coupled deformation-flow
analysis proposed by Biot (1941) for a pore-elastic medium, where the soil mass is considered as
a two-phased material: solid skeleton and fluid medium (i.e., water in soil pores). This element
consists of nine gauss integration points (i.e., u-solid phase) and four fluid pressure nodes (i.e., pfluid phase) to account for the development of excess pore pressure and volume changes of the
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soil skeleton coupled with the fluid phase (Chan 1988). A 100x40 m mesh made of 7620 elements
and 7808 nodes was chosen to avoid convergence issues and to obtain high quality results.
The constitutive behavior of the sand and compressible soft-to-medium clay strata were
simulated using the Pressure-Dependent Multi-Yield Surface Model (PDMYM, Yang and Elgamal
2002; Yang et al. 2003). This model is based on the framework of multi-surface plasticity proposed
by Prevost (1985) and is capable of achieving a better representation of the soil plastic behavior.
It utilizes a multiple conical yield surface defined in terms of mean normal stresses and a secondorder deviatoric tensor. The shear stress-strain response of the material is defined by a non-linear
hyperbolic curve as a function of octahedral shear stress and strain and low-strain shear modulus
defined at a reference pressure. The contractive, dilative, and critical state response of the material
is incorporated with a phase transformation surface defined by Ishihara et al. (1985) using a stress
ratio to define the increase/decrease of volumetric strains in the model.
The constitutive behavior of the stiff and hard clay layers were simulated using a modified
version of the PDMYM; the Pressure-Independent Multi-Yield Model (PIMYM, Gu et al. 2011).
This model uses a cylindrical (Von-Mises) yield surface in the deviatoric plane combined with the
multi-surface plasticity theory proposed by Prevost (1985) to define the soil plastic behavior. The
octahedral shear stress-strain response is approximated using a nonlinear hyperbolic equation. The
PIMYM was selected to reproduce the undrained behavior of the stiff and hard clay layers and
reduce the computational cost and complexity of the finite element model in layers that had
marginal influence in the excavation response. This model is recommended to model the fast
(undrained) loading response of clays (McKenna and Fenves 2001). The PDMYM and PIMYM
have been successfully used to study the behavior of soils subjected to monotonic and cyclic
loading (e.g., Gu et al. 2009; Qiu et al. 2019).
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Table 15 lists the soil parameters used in this study which were in part determined from
previous numerical simulations of triaxial stress probes and recent stress-history effects of
compressible glacial clays presented by Arboleda-Monsalve et al. (2017) and previous works made
by Teng et al. (2018), Arboleda-Monsalve (2014), Finno and Chung (1992), and Finno and
Harahap (1991) for compressive glacial clays. Constitutive parameters for the surficial sand
deposit were selected based on previous works developed in dense sands presented by McKenna
and Fenves (2001), Elgamal et al. (2002, 2003), and Yang et al. (2003).
Table 15
Constitutive soil parameters for sand and compressible clay layers
PDMYM
Sym.

Description

PIMYM

Unit

Sand

Soft
clay

Medium
clay

Crust
clay

Stiff
clay

Hard
clay

ton/m3

1.9

1.9

1.9

1.9

1.9

1.9

sat

Saturated soil density

Gr

Reference low-strain shear modulus

MPa

230

65

65

65

300

450

Br

Reference bulk modulus

MPa

390

2

2

5

2

2



Friction angle at peak shear strength

deg.

40

29.3

35.7

35

35

40

c

Cohesion

kPa

----

----

----

150

200

500

0.1

0.1

0.1

0.1

0.05

0.05

80

101

101

101

101

101

0.5

0.6

0.6

0.6

0.6

0.6

27

26.3

35.7

----

----

----

0.03

12

5

----

----

----

0.8

0

0

----

----

----

5

0

0

----

----

----

0.9

0.23

0.23

----

----

----

0.02

0.54

0.54

----

----

----

0.7
101
0.47
1

0
101
0.57
10-7

0
101
0.58
10-7

------0.63
10-9

------0.81
10-9

------0.63
10-9

max

Octahedral shear strain at max. shear strength

p'r

Reference mean effective confining pressure

d

Constant defining variations of Gr and Br

PT
c
dilat1
dilat2

Phase transformation angle

kPa

deg.

Constant for contractive behavior
Constants for dilative behavior

cs1
cs2
cs3
Pa
Ko
k

Parameters controlling a straight criticalstate line in e-p' space
Atmospheric pressure for normalization
At-rest earth pressure coefficient
Hydraulic conductivity

kPa
cm/s
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Modeling Approach for Moment-Resisting Frame Buildings Next to an Excavation
Figure 54 also shows the geometry layout, foundation, and modeling approach employed
to simulate the nonlinear behavior of the adjacent RC MRF structure. The center-to-center span
between columns, equal also to the out-plane tributary dimension, is 5 m. The interstory height
was fixed as 3 m for all the numerical models of the building. The total length, L, and height, H,
of the building were parametrically changed as a function of the number of bays and columns
during the analysis. Structural members in the building (i.e., columns and beams) were modeled
using forceBeamColumn elements in OpenSees to capture internal force redistributions and axial
and flexural responses due to excavation-induced ground movements. These elements are capable
of distributing the inelastic response along the deformable member length. The cross section at
each integration point is discretized into multiple fibers with a uniaxial stress-strain formulation
specified. The distributed plasticity approach implemented in this study was capable of
determining accurately the plastic response of the cross section.
Structural materials in the building were modeled using Concrete04 and Steel01 uniaxial
materials for concrete and steel reinforcement, respectively. The following constitutive parameters
for concrete were used: compressive strength of 39 MPa, Young’s Modulus of 30 GPa,
compressive strain at peak and crushing strength of 0.2 and 0.5%, respectively, tensile strength
and strain of 3.9 MPa and 0.02%, respectively, and residual stress factor of 0.1. The steel
reinforcement was modeled with a yield strength of 400 MPa, Young’s modulus of 200 GPa, and
strain-hardening ratio of 0.01. Cross-sectional properties of structural elements in the building
were selected to resist lateral load demands and to be code-complaint using ASCE 7-16 (2016) for
a building with an ordinary MRF system. The cross section and reinforcement ratio,  of the
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columns were algorithmically selected so that normalized axial-moment interaction diagrams were
equal regardless of the induced lateral load demands arising from the excavation. The building
geometry and cross sections of beams and columns are studied parametrically based on target
structural capacity and aspect ratios, H/L. The self-weight of beams and columns were included in
the analysis.
The foundation system consists of concrete pedestals of 0.9x0.9 m and footings of 3x0.8
m located at 2m from the ground surface. Grade beams placed at the ground levels were used to
connect the foundation system and avoid relative lateral movements between footings (Goh and
Mair 2014) and with cross-sections equal to the beams at the first level. Pedestals, footings, and
grade beams were modeled using weightless elasticBeamColumn elements with Young’s modulus
equal to 30 GPa. Bearing pressures induced by the gravity loading ranged between 200 and 400
kPa for the selected buildings. These pressures are lower than those reported by Peck (2016) of
approximately 700 kPa for mid-rise buildings on shallow foundations supported by glacial clay
soils found in Chicago, IL. The relative lateral movement and sliding between soil and building
was inhibited in the numerical simulations. Relative vertical displacements were restrained using
a traction interface between soil and structure. This traction interface is implemented to avoid
unrealistic overburden stresses and undesired lateral earth and pore water pressures induced by
gravity forces in the building. Further details about this traction interface are presented in Chapter
five. It was assumed that excess pore water pressures caused by pre-excavation activities and those
attributed to the original construction of the building were fully dissipated and will not influence
the soil behavior during the excavation.
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Excavation Support System and Construction Sequence
The retaining structure was modeled using an elasticBeamColumn element with EI and EA
of approximately 3x106 kN/m and 7x104 kN m/m. The lateral bracing system, consisting of six
level of struts spaced every 3.5 m, was modeled using unit-length truss elements made of elasticperfectly plastic materials (ElasticPP) with bracing compression/tension yielding force, Fy of 420
MPa, initial deformation uo, and axial stiffness, EA/L equal to 3,340 kN/m for bracing levels 1 to
3, 6,880 kN/m for levels 4 and 5, and 20,640 kN/m for level 6. The support system was selected
to have a computed stiffness factor proposed by Clough et al. (1989), EI⁄w h4 equal to 45, which
corresponds to a flexible excavation support system and coincides with the “Sheetpile Walls”
stiffness region in the Clough et al. (1989) chart.
Table 16 lists the construction sequence followed during the excavation including four
parameters for the implementation of the quasi-static analysis presented in chapter five. The initial
time-step increment, t0, the incremental displacement and pore water pressure tolerance, dispTol
and pwpTol, respectively, and stage construction time, stgTime, are control variables required to
reach steady state conditions and to satisfy equilibrium of forces of a fully-coupled time-dependent
excavation under undrained or partially drained conditions in OpenSees (Uribe-Henao et al.
2020b). These variables were adjusted for each stage according to the type of analysis selected
during the excavation. The numerical analyses were initialized by generating the in-situ state of
stresses using a K0-procedure under free-field conditions. Next, the columns, beams, interfaces,
and foundations were activated in the numerical model as “wish-into-place” and gravity forces
were applied to beams as a factored area load of 51 kN/m2, accounting for the ASCE 7-16 (2016)
minimum design dead and live loads for residential/office use.
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Table 16
Construction stage sequence followed during the excavation
Stage
#
1
2-3
4
5-9
10
11-16
17
18-24
25
26-32
33
34-40
41
42-48
49
50-56

Construction stage
Initial phase
Building
construction
and
activation of interface
Installation of sheeting
L1 Excav. (0.5m per stage)
S1-Bracing installation
L2 Excav. (0.5m per stage)
S2-Bracing installation
L3 Excav. (0.5m per stage)
S3-Bracing installation
L4 Excav. (0.5m per stage)
S4-Bracing installation
L5 Excav. (0.5m per stage)
S5-Bracing installation
L6 Excav. (0.5m per stage)
S6-Bracing installation
Bottom of cut (0.5 m per stage)

Start
m

End
m

t0
s

dispT
mm

PwpT
kPa

stgTime
hr

Type of
analysis

---

---

10

0.01

0.1

10,000

K0 procedure

---

---

1

0.01

0.1

---

--0
--2.5
--6
--9.5
--13
--16.5
--20

--2.5
--6
--9.5
--13
--16.5
--20
--23

0.01
0.001
1
0.001
1
0.001
1
0.001
1
0.001
1
0.001
1
0.001

0.001
0.01
0.001
0.01
0.001
0.01
0.001
0.01
0.001
0.01
0.001
0.01
0.001
0.01

0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

10,000
5
7
--7
--7
--7
--7
--6

Plastic
Fully coupled
Fully coupled
Plastic
Fully coupled
Plastic
Fully coupled
Plastic
Fully coupled
Plastic
Fully coupled
Plastic
Fully coupled
Plastic
Fully coupled

Following this stage, the 94QuadUP elements at the location of the retaining wall were
removed and the retaining wall was activated. The excavation proceeded in the numerical model
by removing a horizontal line of 94QuadUP elements per stage until the target excavation level
was reached. Solid-fluid coupled behavior of soils was included at each step of the excavation,
allowing the soil skeleton to change in volume and excess pore water pressures to accumulate and
dissipate until the stgTime was reached in the analysis. Then, the bracing was installed by
activating the unit-length truss element with uo equal to the deformation computed at the bracing
depth. This cyclic sequence of soil removal and bracing installation was repeated until the bottom
of cut was reached at 23 m from the ground surface. Note that given the rapid excavation rate of
0.5 m/hr and the low hydraulic conductivity of the clayey layers (1x10-7m/s), the excavation
behavior was governed by undrained conditions (Callisto et al. 2014).
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Excavation Performance Under Free-Field Conditions
Figure 55 shows the excavation performance under free-field conditions using the
modeling approach presented in Figure 54 for the soil and excavation support system. Figure 55(a)
shows the settlement troughs computed for several nodes located behind the retaining structure at
excavation levels between L1 and the bottom of cut. The figure presents in the horizontal axis the
distance, d, between the excavation and nodes located behind the retaining structure normalized
as 3d/PIZ, where PIZ represents the primary influence zone proposed by Ou (2006) and computed
for this excavation as 30 m. The vertical ground settlement normalized to the computed maximum
settlement, v, max = 75 mm is presented in the vertical axis of the figure. The settlement profile
presented in Hsieh and Ou (1998) was included for comparison purposes only. Excavation stages
associated with the excavation of the soft and medium clay layers were denoted in the figure with
the circled numbers 1 and 2, respectively. The results show how most of the movements caused
by the excavation occurred during the soil removal of the soft and medium clays, which caused
deep-seated movements. Maximum distortion ratios,  computed as the difference between two
settlement points divided by the column spacing, were approximately 1/100 exceeding typical
recommended limits to avoid damage to structural members of nearby structures (e.g., Skempton
and MacDonald 1956).
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Figure 55. Normalized excavation performance under free-field conditions: (a)
settlement trough and (b) lateral wall movements.
Figure 55(b) shows the lateral wall deformations computed at excavation levels between
L1 and the bottom of cut. The figure was normalized in the horizontal axis to the maximum lateral
wall movement, h, max = 100 mm and in the vertical axis to the excavation depth, He = 23 m.
Similar to Figure 55(a), most lateral wall movements occurred during the excavation of the soft
and medium clay layers, also denoted using circled numbers 1 and 2, respectively. Cantilever wall
movements were prevented by placing the level of bracings L1 at a depth 2.5 m below the ground
surface. Maximum lateral movements were computed at the elevation of the soft clays; a typical
behavior for deep-excavations in soft clays (Clough and O’Rourke 1990b). Ratios of h,max ⁄He =
0.43%, v,max ⁄He = 0.32%, and v,max ⁄h,max = 0.75 computed at the end of the excavation were
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within the ranges reported by Clough and O’Rourke (1990), Long (2001), Moorman (2004) and
Wang et al. (2010) for case histories of excavations on soft clays. Clough and O’Rourke (1990)
and Wang et al. (2010) reported values of h,max ⁄He from 0.25 to 0.8% and from 0.3 and 0.6%,
respectively, for excavations laterally supported by flexible retaining walls such as sheet pile walls,
soldier piers, and log walls with basal heave factors larger than 2.0. Wang et al. (2010) also
reported average ratios of v,max ⁄h,max = 0.9 and v,max ⁄He = 0.42%. Long (2001) presented
values of h,max ⁄He ranging from 0.25 to 0.45% and v,max ⁄He of approximately 0.4%. Other
databases presented by Mana and Clough (1981), Ou et al. (1993), and Hsieh and Ou (1998) found
ratios of v,max ⁄h,max ranging from 0.5 to 1.0 for deep excavation in soft clays.
Parametric Studies of Nonlinear-Inelastic Buildings Next to Adjacent Excavations
As opposed to low-rise bearing-wall structures, MRF buildings due to their degree of
structural redundancy are capable of redistributing excavation-induced internal forces and stresses
allowing the building to achieve large displacements and ductile behavior. Son and Cording (2011)
studied via numerical analyses these differences in behaviors between bearing-wall and framed
structures subjected to excavation-induced settlements. The authors concluded that the type and
condition (i.e., elastic or inelastic response) of structures and soils strongly affected the building
response, leading to notable differences in the computed distortions during the analysis. However,
the nonlinear response of the building was ignored, and the results were limited to study the soilstructure interaction effects of buildings nearby excavations only in terms of distortions caused by
the excavation. Other studies on framed structures (e.g., Son and Cording 2005, 2008; Goh and
Mair 2014) followed similar approaches to those presented by Son and Cording (2011), also
considering only linear-elastic response of structures nearby excavations. To the author
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knowledge, the nonlinear structural response of MRF structures adjacent to deep excavations has
not been studied.
The finite element analysis of a nonlinear MRF building next to a deep excavation was
conducted in OpenSees to study the effects of the excavation in the internal force redistributions
of structural members, lateral and vertical distortions, and structural behavior of the building in
terms of: angular drifts, curvature ductility, axial forces, and flexural moments. The proximity of
the building to the excavation, e, aspect ratio, H/L, and strength and stiffness of the building were
parametrically evaluated to provide insight into the nonlinear-inelastic mechanisms and distortions
developed in the building.
Influence of Building Structural Capacity, Aspect Ratio, and Proximity to Excavation
The building proximity to the excavation was varied from 5 to 15m and the aspect ratios
H/L selected were 0.5 (i.e., 6 bays and 5 stories), 1.0 (i.e., 4 bays and 7 stories) and 1.5 (i.e., 4 bays
and 10 stories). The cross-sectional dimensions of beams and columns were carefully chosen so
that: i) axial forces and flexural moments exhibited by columns could be standardized in all
buildings, ii) section sizes and steel reinforcement ratios were consistent for buildings with
different H/L ratios, iii) nominal flexural strength of columns were 1.2 times larger than those of
beams (i.e., strong-column weak-beam strength concept), and iv) minimum lateral-load demands
recommended in standard design procedures were supported by all structural members. Figure 56
shows the lateral-load response of the building for three levels of lateral-load demands (LLD):
low, mid, and high; computed following the ASCE 7-16 (2016) equivalent lateral load procedure
with spectral response acceleration parameters, SD1 of 0.3, 0.6, and 0.46 and SDS of 1, 0.74, and
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0.47, respectively. The modification factor, R = 4, importance factor, Ie = 1, and site class D were
assumed for this study.

Figure 56. Lateral-load demand computed according to the ASCE 7-16 for buildings
with H/L ratios of 0.5, 1.0, and 1.5

LLDs are presented in the figure in terms of the computed base shear and fundamental
elastic period of the buildings which can be used to characterize the expected response of buildings
next to an excavation. It is technically sound to assume that code-complaint MRF buildings would
be able to withstand excavation-induced distortions without exceeding yield limits, but vertical
shearing forces acting on the buildings will trigger unexpected inelastic mechanisms. This chapter
emphasizes on the importance of providing adequate levels of vertical shear capacity of MRF
buildings that could potentially be affected by near excavations.
Table 17 lists the height, h, width, b, and reinforcement ratio,  (i.e., steel nominal area in
relation to gross sectional area) of beams and columns required to resist the computed low, mid,
and high lateral-load demands.
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Table 17
Reinforced concrete cross-sectional properties selected for beams and columns
Location
H/L
0.5
0.5
0.5
1.0
1.0
1.0
1.0
1.5
1.5
1.5
1.5
1.5
1.5
1.5

Type

Column
Column
Beam
Column
Column
Column
Beam
Column
Column
Column
Column
Column
Beam
Beam

Colum
n line
1 and 7
2 to 6
--1 and 5
2 to 4
2 to 4
--1 and 5
1 and 5
2 to 4
2 to 4
2 to 4
-----

Bay#

----1 to 6
------1 to 4
----------1 to 4
1 to 4

Low-LLD
Story

1 to 5
1 to5
1 to 5
1 to 7
1 to 4
5 to 7
1 to 7
1 to 7
8 to 10
1 to 5
6 to 8
9 to 10
1 to 6
7 to 10

h

b

m

m

0.36
0.4
0.55
0.36
0.4
0.36
0.55
0.36
0.36
0.4
0.36
0.36
0.55
0.55

0.36
0.4
0.25
0.36
0.4
0.36
0.25
0.36
0.36
0.4
0.36
0.36
0.25
0.25

Mid-LLD



0.03
0.03
0.15
0.03
0.03
0.03
0.015
0.03
0.03
0.03
0.03
0.03
0.15
0.15

h

b

m

m

0.45
0.5
0.6
0.45
0.5
0.45
0.6
0.45
0.36
0.5
0.45
0.36
0.6
0.55

0.45
0.5
0.25
0.45
0.5
0.45
0.25
0.45
0.36
0.5
0.45
0.36
0.25
0.25

High-LLD



0.03
0.03
0.022
0.03
0.03
0.03
0.022
0.03
0.03
0.03
0.03
0.03
0.022
0.015

h

b

m

m

0.55
0.6
0.7
0.55
0.6
0.55
0.7
0.55
0.45
0.6
0.55
0.45
0.7
0.6

0.55
0.6
0.25
0.55
0.6
0.55
0.25
0.55
0.45
0.6
0.55
0.45
0.25
0.25



0.03
0.03
0.025
0.03
0.03
0.03
0.025
0.03
0.03
0.03
0.03
0.03
0.025
0.02

Figure 57 shows settlement troughs obtained at the foundation level of the buildings at the
last excavation stage. The figure was computed for the deep excavation adjacent to the MRF
buildings of this study and was normalized in the horizontal and vertical axis to the PIZ and
maximum excavation-induced settlement computed under free-field conditions (see Figure 55),
respectively. The locations of the inflection points are presented in the figure using a dashed line,
dividing the excavation into two settlement profiles: hogging (concave downward) and sagging
(concave upward). The inflection points in the settlement troughs indicate the location of
maximum differential settlements between footings. Buildings dimensioned for low, mid, and high
LLD were located at 5, 10, and 15m from the excavation, or 3d/PIZ equal to 0.5, 1.0 and 1.5,
respectively. Results show how soil-structure interaction played an important role by affecting the

140

distribution and shape of the computed ground settlements in relation to free-field conditions (i.e.,
light gray settlement trough in the figure).

Figure 57. Settlement troughs computed for low, mid, and high lateral-load demands
(LLD) of buildings.
Buildings located at 5m from the excavation (3d/PIZ = 0.5) showed the largest settlements
and more variable deformed shapes than those place at 10 and 15m. Buildings with low lateral
stiffness and strength (i.e., low-LLD) when subjected to the vertical shear forces induced by the
excavation were more likely to develop localized plastic hinges and deform similarly to the shape
of the free-field settlement trough. Differences between curves computed for different LLD
became smaller as H/L increased from 0.5 to 1.5 since buildings with greater number of stories
(larger H/L ratio) showed a larger resistance to vertical shear. Buildings with their footprint located
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within the PIZ (i.e., 3d/PIZ < 3) were more prone to rotate, developing larger vertical movements
than those partially supported on the secondary influence zone, defined herein as SIZ when 3d/PIZ
> 3.
Settlement trough differences with respect to free-field conditions were less noticeable as
the building was placed farther from the excavation, positioning the building partially on the SIZ.
Footings bearing on the SIZ provided additional resistance against tilting and vertical ground
movements induced by the excavation, causing a hogging deformed shaped at the base of the
building. This condition also caused that footings placed within the PIZ zone, where the maximum
settlements occurred, settled at faster rates than those located over the SIZ, triggering large
shearing forces and associated distortions in the superstructure. This behavior was notable for
buildings with the largest footprint (H/L = 0.5) and nearest the excavation (e = 5m), where the
footings could be observed in the form of straight segments in the settlement troughs. The large
degree of structural redundancy and ductility of MRF allowed the buildings to achieve large
localized displacements. These mechanisms cannot be accurately captured by methods that
superimpose free-field ground response analyses to the structural response. Figure 58 shows the
lateral wall movements computed using the same aspect ratios, relative positions of the buildings,
and lateral load demands than those presented in Figure 57. The figure is normalized in the
horizontal axis to the maximum lateral wall deformation obtained under free-field conditions and
in the vertical axis to He. The results showed a similar response to the computed excavationinduced settlements.
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Figure 58. Normalized lateral wall movements computed for low, mid, and high LLD of
buildings placed at: (a) 5 m, (b) 10 m, and (c) 15 m from the excavation

The nonlinear building response obtained with the finite element analyses was computed
by subtracting the rigid body rotation of the buildings,  from the vertical distortions,  and interstory drifts, hs at every stage of the excavation. The angular distortion is defined herein as:

 =  − , and angular drifts are introduced as  = hs − .  is analogous to the angular distortion
concept, which was insufficient to describe damage due to vertical shears. The angular drift is
more closely related to damage than interstory drifts and should be used when evaluating
performance of RC MRF nearby deep excavations. Figure 59 shows schematically the two-step
process implemented to compute  and  from the excavation-induced response of the building.
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Figure 59(a) shows a conceptual deformed shape of a building when subjected to excavationinduced ground movements. The figure also shows the vertical distortion computed at the grade
beams, the inter-story displacement, , the story height, hs, and the tilting and rigid body movement
at each column required to compute  and . Son and Cording (2005) and Boscardin and Cording
(1989) studied damage of bearing-wall structures due to excavation-induced movements and noted
that rigid body movements occurred mostly as lateral displacements in the masonry. The same
approach is adopted in this study. Figure 59(b) shows schematically the deformed shape and and -values obtained once rigid body movements were subtracted from the building response.
Both variables accurately describe the structural response and damage mechanism of MRF
buildings subjected to excavation-induced ground movements as  and  remove the component
associated with rigid body rotation that do not cause damage.

Figure 59. Conceptual MRF building response to excavation-induced movements and
computation of angular distortions,  and drifts, . (a) Deformed shaped including rigid
body movements and (b) deformed shaped after subtracting rigid body movements.
Angular distortions have been widely used to predict or assess the response and level of
damage of structures nearby deep excavations and tunnels (e.g., Son and Cording 2005; Giardina
et al. 2015; Boldini et al. 2016). This variable is also used herein to study the nonlinear response
of MRF systems. Figure 60 shows -values computed at the base of the building for the final stage
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of the excavation varying with the number of bays. The figures also includes the approximate limit
of the PIZ as vertical dashed lines and recommended limits to avoid structural damage proposed
by Polshin and Tokar (1957), Skempton and MacDonald (1956), and Meyerhof (1956), denoted
as P&T, S&M, and M, respectively. In all cases, negative values of  were computed for bays
farthest from the excavations (closer to bay number 1), gradually approaching to positive values
as the number of bays increased. This transition from negative to positive occurred for most cases
near the limit of the PIZ, especially for buildings with large footprints (i.e., H/L = 0.5).
Buildings with bays located over the sagging zone developed the largest angular distortions
among all cases, especially those designed under low and mid LLD whose deformed shapes
approached the free-field settlement trough. Buildings designed for high LLD had lower
deformations than those computed for buildings with low and mid LLD due to their larger vertical
shear capacity. Maximum  values approximately of 0.6% for an H/L = 0.5 and 0.3% for H/L = to
1.0 and 1.5 were reached at the fifth and third bay, respectively, for buildings located at 5 m from
the excavation. Maximum angular distortions varied from 1/170 to 1/330, exceeding the thresholds
proposed by Polshin and Tokar (1957), Skempton and MacDonald (1956), and Meyerhof (1956)
to avoid any type damage in the open framed structures, and near the limit of 1/150 suggested by
Skempton and MacDonald (1956) to avoid structural damage in beams and columns.
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Figure 60. Angular distortions computed for buildings designed for low, mid, and high
LLD

Nonlinear Building Response to Excavation-Induced Settlements
The building responses to excavation-induced movements is studied in terms of the interstory lateral displacement, reactions, and internal force redistributions within the axial-moment
envelope induced by the excavation. Figure 61 shows the distribution of maximum values of ,
along the height of the buildings computed at the last stage of the excavation. The figure showed
how most of the rigid body movements were computed in the form of lateral displacements in the
building, resulting in -values about 10 times lower than the angular distortions.
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Figure 61. Maximum angular drifts computed for buildings designed for low, mid, and
high LLD with H/L ratios of 0.5, 1.0, and 1.5
The proximity of the building to the excavation had a larger influence on the lateral
response than the aspect ratio. Buildings located at 10 and 15m from the excavation had lowest
values of  along the height of the building. In general, the angular drifts computed at the first and
top story were larger than the remaining stories along the building which means that excavationinduced laterally load-driven shear forces were concentrated in those two areas of the buildings.
This was attributed to the concave-downward deformed shaped computed at the base of the
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building and relative rotations between the base columns and foundations. Similar results were
presented by Laefer et al. (2009) using a one-tenth scale laboratory test to study the response of
two low-rise RC frame structures, both placed at 1.5 m from a 12-m depth excavation. They found
that inter-story drifts, computed with the classical definition as the inter-story displacements
divided by the story height, measured at first and top story were larger than at the remaining stories.
Laefer et al. (2009) concluded that inter-story displacements did not provide valuable information
to predict the experimental damage recorded during the excavation, mainly observed at the beams.
Figure 62 shows the axial-moment load paths computed for the bottom of the columns
farthest and closest to the excavation and located at the base of the building. The normalized
interaction diagrams of the RC sections were included in the figure as dashed lines and represents
the nominal section capacity of the columns determined using a section analysis in OpenSees. The
curves were computed using combinations of moments and axial forces that causes the section to
reach a strain at the peak compressive strength of concrete of the selected cross sections of the
columns. Moments and axial forces were normalized using the concrete compressive strength, fc′ ,
the gross area of the section, Ag, and section height, h. Computed load paths started in the figures
from the building gravity analysis (stage 2-3 of the construction sequence) and finished at the final
stage of the excavation.
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Figure 62. Computed moment-axial load paths of columns in buildings located at 5, 10,
and 15m from the excavation for buildings designed for low, mid, and high LLD
The results showed how a column of a building with the same aspect ratio and design is
affected by its proximity to the excavation by changing the acting moments and axial forces.
Columns close to the excavation developed larger moments and axial forces than those located a
larger distance from the excavation mobilizing larger strength in each normalized interaction
diagram. Under the conditions evaluated in this study, moment-axial load paths never reached the
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peak compressive strength of columns, mobilizing up to 92% of the section capacity for buildings
designed for low LLD. In general, computed load paths were mostly oriented in the horizontal
direction as excavation-induced vertical shear and distortions caused large flexural moments in the
beam-column connections. This effect was more notable for buildings designed for low LLD (i.e.,
square symbols in the figure) which had the largest length of load paths among the buildings.
Excavation-induced changes in curvature and initial forces in the columns can reduce their
ability to withstand further loads and deformations that occur throughout the design life of the
structure. This was particularly noticeable in columns computed for buildings at 5 m from the
excavation (i.e., open symbols in the figure). Large increments of axial force and moments led to
a reserve of axial-flexural capacity, computed as the minimum distance between the load path and
the M-P envelope, in the columns nearest the excavation of approximately 20% for H/L = 0.5, and
10% for H/L = 1.0 and 1.5 at the end of the excavation. In addition, columns in buildings located
at 10 and 15m from the excavation changed from negative to positive moments, which represents
a reversal in the computed curvature with respect to the gravity analysis. This behavior was also
computed for the columns farthest from the excavation regardless of the location of the building.
Figure 63 presents the moment versus curvature relationships computed for the farthest
and closest beams to the excavation and located in the first story of the buildings. The momentcurvature responses were computed at integration points located at the left- and right-hand side
nodes (i.e., i and j nodes), and the evolution of which are shown as the soil was excavated. The
moment-curvature (M-) diagrams of the cross section of the selected beams were included in the
figure using dashed lines. In addition, the moment diagrams along the beams computed at end of
the excavation are presented in the top-left corner of each subfigure. The figure also includes the
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sign of the computed angular distortion in the selected bays. The gravity analyses performed to
compute the initial conditions of beams and columns before starting the excavation sequence are
denoted using a star symbol in the M- curves and a gray line in the moment diagrams. A yield
curvature of approximately 5x10-3 m-1 was computed at a strain at peak concrete compressive
strength of the selected beams. This figure shows the importance of excavation-induced vertical
shears in well-designed laterally load-compliant structures. These structures that follow a strongcolumn weak-beam strength concept can conceal performance issues that occurs in the event of an
excavation, which are very difficult to foresee during the design phase.
Buildings designed for low LLD showed the largest curvature regardless of the location of
the building and proximity of the beam to the excavation. Curvatures approximately 5 and 4 times
larger than the yielding curvature were computed for buildings located at and farther than 5m from
the excavation, respectively. Also, beams nearest the excavation reached their yielding curvature
very early in the excavation construction process, mobilizing larger flexural strengths than those
located farther from the excavation. Excavation-induced moments were above or near the yielding
limits of the cross sections for most cases studied in this chapter. Buildings designed to withstand
high LLD and located at 5m from the excavation were able to develop small curvatures and
remained mostly within the yielding limits, but mobilizing approximately 80% of the section
yielding curvature in the selected beams. The design and analysis of MRF systems are generally
performed under the assumption that LLDs control the inelastic mechanisms in the building,
ignoring that in the event of an excavation, vertical shear forces can lead to unexpected demands
(i.e., axial forces and moments) that can plasticize and possibly damage structural members. Only
a nonlinear-inelastic coupled soil-structure analysis can capture these effects.
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Figure 63. Computed moment-curvature analysis for buildings designed for low, mid,
and high LLD with H/L ratios of 0.5, 1.0, and 1.5 and placed at 5, 10, and 15m from the
excavation.
The location of the plastic hinges in the beams depended on the computed distribution of
the angular distortion in the building, which is dictated by the location of the building within the
settlement trough (e.g., sagging or hogging zones). Bays with negative angular distortions induced
a positive and negative moments at nodes i and j of the beam, respectively, while bays with positive
angular distortions induced negative and positive moments. This can be observed in the figure as
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the moments at either node become more negative or change from positive to negative depending
on the direction of the angular distortion.
Figure 64 shows normalized shear, axial, and moment reactions computed at each line of
columns in the building. Shear and moment reactions were normalized using the fc′ , Ag, h, while
axial reaction forces were normalized using the gravity axial loads. Results showed that shear,
axial, and moment reactions were highly influenced by the constitutive material nonlinearities and
redistribution of internal forces in the building during the excavation. Note that buildings with low
strength and stiffness (i.e., designed for low LLD) in relation to the excavation induced vertical
shear can undergo plastic deformations at early stages of the excavation, causing internal forces to
redistribute and display lower reactions than buildings with higher resistance against vertical shear.
This is consistent with computed values of  (see Figure 57) and moment redistribution in beams
(see Figure 63) where buildings designed for low LLD experienced the largest distortions and
corresponding plastic deformations.
Normalized moments and shear forces computed for buildings at same distances from the
excavation showed minor differences in distribution regardless of the designed lateral load
demand. This behavior is comparable to the angular distortion computed in the building (see Figure
60). Angular distortions provide valuable information about the nonlinear response of buildings
and can be used to understand the distribution of internal forces.
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Figure 64. Normalized force and moment reactions varying with the normalized
building length computed for low and high LLD for buildings with H/L equal to 0.5, 1.0
and 1.5: (a) shear forces; (b) axial forces; and (c) moment reactions.
On the other hand, axial reactions depend on the building location within the settlement
profile of the excavation. When buildings were located within the hogging zones, the columns at
both ends of the building reduced their axial forces due to the large difference in settlements
computed with respect to the adjacent column. Similarly, when buildings were placed within the
sagging zone, the columns farthest from the excavation (i.e., column line 1) and located at the
maximum settlement (i.e., column line 6 for H/L = 0.5, and 4 for H/L = 1 and 1.5 m) reduced their
axial forces during the analysis. In the stage construction scheme of the excavation construction,
when settlement occurs suddenly in a given column, the building experience a partial loss of
support redistributing the axial force through the girders to remaining columns. This redistribution
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of internal forces in the building can only be captured by including acting gravity forces in the
numerical model and the nonlinearity and continuity of the structural members of the building.
Although the nonlinear response of moment resisting structures nearby excavations and tunnels
has not been investigated, past studies on the nonlinear response of bearing-wall structures
presented by Son and Cording (2005, 2011) and Giardina et al. (2013, 2015) have shown the
importance of including structural nonlinearities, inelastic behaviors, and gravity forces in the
numerical modeling approach. They concluded that analyses of elastic and weightless structures
lead to rigid structural responses and misleading interpretations of damage and collapse
mechanisms.
Formation of Inelastic Mechanisms in the Building
The building ability to resist the forces imposed by the excavation-induced ground
movements is evaluated in relation to the computed yield limit of beams and quantified in terms
of curvature ductility factor ( ). The  defines the relation between the mobilized and yield
curvature. The response of the columns is not included since the internal forces remained within
the yield limits during the analyses (i.e.,  < 1). Figure 65 shows the evolution of computed
angular distortions, , angular drifts,  and  values. Only maximum values of ,  and 
computed in the building for each stage of the excavation are presented in the figure. Selected
construction activities listed in Table 16 are also included in the figure using vertical dashed lines.
Excavation stages associated with the removal of the soft and medium clay layers are represented
in the figure with the circled number 1 and 2, respectively.
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Figure 65. Evolution of ,  and  values of buildings located at 5, 10, and 15m from
the excavation with H/L ratios of 0.5 and designed for: (a) low LLD, (b) mid LLD, and (c)
high LLD.
Movements and forces computed at early stages of the excavation (i.e., excavation progress
below 40%) were mostly attributed to tilting and rigid body movements of the building. During
these stages, the excavation caused negligible values of  and  and constant values of  in the
beams. Only when deep-seated movement started to accumulate during the excavation of soft and
medium clay layers, values of  and  began to gradually increase causing beams to mobilize their
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flexural capacity, and in most cases, to reach  values larger than 1 and develop plastic
deformations in beams as previously presented in Figure 63.
As expected, the ground movements induced by the excavation had a direct influence in
the beams, causing  values to increase following a similar trend and shape than those displayed
by  On the other hand, the high strength and stiffness of columns to withstand lateral shear caused
-values to slowly increase during the excavation of soft and medium clay layers. Once those
layers are excavated (i.e., L5 was reached) and plastic deformations started to accumulate in the
beams, forces and moments exceeding the cross sectional capacities are distributed to the columns
and larger values of  are generated. After the L5 was reached, two building behavioral
mechanisms were identified. The building positions closest to the excavation (i.e., e = 5 and 10 m)
were characterized by large deep-seated movements causing that values of  and  reached a
plateau once the excavation reached competent material and the rate of vertical settlement was
reduced. For buildings farthest from the excavation (i.e., e = 15 m), the response was largely
affected by the growth of the PIZ (see Figure 55) during the excavation causing gradual increase
of  and  until the final construction stage.
Buildings designed for low LLD developed large plastic deformations when placed at 5m
from the excavation, developing  approximately 20% larger than those located at 10 and 15 m.
This behavior reversed as the building capacity to resist lateral load demands increased. Maximum

 values computed at the end of the excavation for low LLD were approximately two and five
times those computed for mid and high LLD buildings, respectively.
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The nonlinear building performance and formation of inelastic mechanisms were computed
during the construction of the excavation as shown in Figure 66. The figure shows maximum
values of  and  presented in Figure 65, for buildings designed for low LLD with an H/L ratio
equal to 0.5 and located at 5, 10, and 15m from the excavation. The buildings with the largest 
are shown. The figure also illustrates the location of the plastic hinges in the building computed at
selected construction stages including the maximum computed value of  at each bay. Values of

 and  are presented in relation to excavation stages marked with circled numbers 1 and 2. The
evolution of the peak curvatures are shown in terms of  only for the combinations of  and

 shown in the figure Results showed how the beams gradually developed plastic deformations
as  and  increased due to the excavation unloading activities. Localized plastic hinges at the
beams closest to the excavation were computed during the removal of the soft clay layer, reaching

 values beyond 1. As the excavation advanced into the medium clay layer, plastic hinge
formations expanded to the farthest beams reaching values larger than 2. Note that additional
plastic hinges formed in the inner beams as the excavation approached deeper and more competent
clays. This was attributed to the redistribution of internal forces in the columns and beams, causing
 to rapidly increase and leading to  values larger than 3. Laefer et al. (2009) observed similar
behaviors for a one-tenth laboratory scale models of RC frames located at 1.5 m from a 12-m deep
excavation. Structural damage recorded in the tested frames occurred also in beams closest and
farthest from the excavation.
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Figure 66. Nonlinear building performance and formation of plastic hinges of buildings
designed for low LLD with H/L ratios of 0.5 and located at: (a) 5m, (b) 10m, and (c) 15m
from the excavation.
Figure 67 shows a shaded region representing the locus of  and  for which  values are
lower or equal to one computed for all the buildings and those computed at the end of the
excavation. Combinations of  and  are presented in the figure regardless of the location and
aspect ratio of the building and were computed at each bay of the building to account for the
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distribution and evolution of inelastic mechanisms in beams as the excavation progressed. Results
showed how the locus of points, representing limit zones of elastic behaviors, increased with the
strength and stiffness of the building defined only to sustain lateral load demands. Buildings with
similar structural configuration than those presented in this chapter can be assumed to behave
linear-elastic as long as the combination of lateral and vertical distortions arising from the
excavation activities lie within the shaded area in the figure. Combinations of  and  larger than
those recommended in the figure will generate inelastic mechanisms in beams which will cause
permanent deformations in most structural members compromising the structural integrity. From
the figure, an angular distortion of 0.1% (1/1000) and angular drift of 0.03% (1/3000) constitute a
safe limit for linear-elastic MRF response. Beyond those limits, even strong-column weak-beam
approaches to resist moderate to large LLDs can undergo nonlinear-inelastic deformations due to
vertical shear demands arising from excavation activities. Enough reserve capacity in terms of
ductility needs to be placed in the beams to guarantee a successful performance of a building
nearby deep excavations.

Figure 67. Yield envelopes for buildings with H/L ratios of 0.5, 1.0, and 1.5 m located at
5, 10, and 15 m from the excavation and designed for: (a) low LLD; (b) mid LLD; and (c)
high LLD.
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Buildings designed for low, mid, or high LLD developed  values larger than one for
values of  of approximately 1/1000, 1/500, and 1/300, respectively. These thresholds, only based
on angular distortion levels, can be preliminarily used as limiting criteria for MRF buildings near
excavations to avoid the formation of inelastic mechanisms that can compromise the structural
integrity. Angular distortion levels of 1/750, which might cause cosmetic or minor architectural
damage, corresponds to a  of 0.13%, which implies that the assumption of linear-elastic response
of MRF buildings due to excavations is only valid for those structures designed to resist moderate
to high LLD.
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CHAPTER SEVEN: METHOD FOR ESTIMATING EXCAVATIONINDUCED RESPONSE OF MOMENT RESISTING FRAME BUILDINGS
Results presented in Chapter six showed that nonlinear-inelastic buildings when subjected
to excavation-induced ground movements led to deformations and loads beyond the selected
section capacities, plasticizing beams as the excavation progressed. Computed inelastic
mechanisms in the building were attributed to the redistribution of internal forces, vertical shear
forces arising from the excavation, and coupled soil-structure interaction effects. In this chapter,
the vertical structural response to excavation-induced ground movements is studied based on the
findings presented in chapter six. The structural response is hypothesized to be controlled by the
internal redistribution of forces computed during the numerical analyses and parametric studies.
The location of the building within the primary influence zone, PIZ, the fundamental elastic period
of the building, T, the structural aspect ratio, H/L, and the underlying settlement troughs are used
to describe the vertical structural response of MRF buildings. A methodology to estimate the
vertical building stiffness is presented.
Definition of Terms
Figure 68 shows a sketch of a hypothetical settlement profile formed by a combination of
concave-up and concave-down deformation modes, called sagging and hogging zones,
respectively. These zones are separated by the inflection point of the settlement trough. The
horizontal projected length of a particular mode of deformation, Ls or Lh , is defined by the edge of
the building and the inflection point. The relative settlement, , is the maximum deviation from
the average slope of the deformation modes (i.e., sagging or hogging).
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Figure 68. Hypothetical settlement trough denoting deformation quantities and terms.
Adapted from Goh and Mair (2014)

The distortion ratio, DR, computed for both sagging and hogging zones, is defined in Eqs.
(17a and b) as the relation between relative settlement and the length of the deformation mode
underlying the building footprint (see Figure 68). This term will be used herein to estimate
maximum curvature ductility factor,  , of the building and study the excavation-induced response
of MRF buildings.

DRh =

h
s
and DRs =
Lh
Ls

(17a and b)

DR of settlement troughs computed under free field conditions are used to compute a
modification factor, MF, representative of both mode of deformations as it is presented in Eqs. (18
a and b). MF is defined as the relation between the deflection ratio under free field conditions,
DRs0 and DRh0 , and those computed in the building [i.e., Eqs. (17a and b)]. Potts and Addenbrooke
(1997) introduced this variable to estimate damage in low-rise buildings and bearing-wall
structures affected by ground movements. However, the numerical analyses simplified the building
behavior to an elastic beam, ignoring the effect of internal force redistributions, gravity forces, and
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inelastic behavior of core structural members. The MF will be used herein to estimate the
nonlinear-inelastic structural response and vertical stiffness of the MRF buildings.

MFh =

DRh
DRs
and MFs =
DRh 0
DRs 0

(18 a and b)

Vertical Building Response to Excavations-Induced Ground Movements
Figure 69(a) and (b) illustrates typical deformed shapes caused by deep excavations to
MRF buildings located over the sagging and hogging zone, respectively. The maximum ground
surface settlement and its location within the building footprint are denoted as v, max and l,
respectively. The gravity load, W is applied to beams and columns, but for illustration purposes, it
is shown only on top of the buildings as a uniformly distributed load. The figure also shows the
distribution of axial reactions as a result of the internal redistribution of forces that occurs as the
soil beneath the building settles and induces vertical shear loads to the building. These changes in
the axial reactions due to excavation-induced ground settlements can be used to determine the
global variation of the vertical shear forces acting on the building; a concept homologous to base
shear distribution used to describe the response of buildings subjected to lateral load demands.
Positive and negative axial reactions, Pi and Ni, respectively, are presented incrementally with
respect to the gravity analysis in the figure, as vectors with orientations based on the results
obtained in chapter six. The contribution of lateral deformations, moments and shear reactions to
the vertical structural response was not significant and was excluded from the analysis.
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(a)

(b)

Figure 69. Conceptual deformed shape of MRF building placed over:
(a) sagging zone and (b) hogging zone

The total shearing forces attributed to excavation-induced ground settlements can be
obtained from the vertical equilibrium of forces in the building as presented in the following
equation:
n

n

i =1

i =1

VEB =  Pi =  Ni

(19)

where VEB is the total vertical shearing force caused by the excavation.
The vertical structural response can be defined by the evolution of VEB as ground
settlements accumulate in the building during the excavation (i.e., v, max). Figure 70(a) shows the
variation of VEB with v, max and illustrates three typical structural responses denoted as hogging-
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and sagging-controlled behaviors computed for buildings with deformed shapes presented in
Figure 69(a) and (b), respectively. The schematic response shown in Figure 70(a) was idealized
after analyzing 54 numerical simulations of MRF buildings adjacent to a deep excavation. These
structural behaviors can only be captured by methods and analyses that consider coupled soilstructure interaction effects between the building and the excavation. Conventional methods that
superimpose free-field ground response analyses to the structural response cannot accurately
capture the evolution of vertical shear and ground settlements acting on the building. Figure 70(a)
is normalized using W and the location of v, max within the building in the vertical and horizontal
axes, respectively. Rigid body movements,  are subtracted from v, max⁄l so that settlements in
the building that do not cause additional deformations are removed. Both normalized variables are
presented in the figure as vertical shear ratio and secant angular distortion.
In general, the structural behavior was controlled by the location of the building within the
PIZ of the excavation. Figure 70(b) shows the settlement trough proposed by Hsieh and Ou (1998)
for a deep excavation under free-field conditions. In the figure, a threshold at 3d/PIZ equal to one
is presented as the boundary for sagging- and hogging-controlled behaviors. Buildings located at
3d/PIZ lower than one were highly affected by deep-seated movements (see Figure 69a) which
translate in large vertical shear ratios and large secant angular distortions. Also, buildings with
fully or largely located within the PIZ were more prone to rigidly rotate, causing that cantilever
movements computed at early stages of the excavation resulted in low vertical shear forces. This
response is associated with buildings with deformed shapes similar to sagging-controlled
behaviors which can be characterized using a sigmoid curve as presented in Figure 70(b).
Conversely, building located after 3d/PIZ = 1 are more affected by cantilever rather than deep
seated movements. These buildings have their footprint fully or largely located in the hogging zone
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of the excavation at which concave-down deformed shape are likely to occur (i.e., hogging, see
Figure 69b). This type of response can be represented with a asymptotic curve or upward sloping
line, shown with colors red and green in the figure, respectively.

(a)

(b)

Figure 70. Type of vertical structural behavior of MRF buildings according to: (a)
evolution of shear forces and settlements and (b) location within the PIZ.

Figure 71 shows the computed vertical structural behavior for MRF buildings designed for
low, mid, and high LLD presented in chapter six. Further information about design approach and
adopted modeling strategy can be found in that chapter. Additional 27 numerical models were
performed ignoring the inelastic-nonlinear response of the sections. This was accomplished by
using elasticBeamColumn elements with 70% of the second moment of inertia of the selected
sections. Elastic responses are presented using gray line in the figures. As shown in Figure 71,
buildings located at 3d/PIZ lower than one developed the largest vertical shear ratios and secant
angular distortions and resembled the form of a sigmoid curve. As the building location was moved
farther from the excavation, the structural response of the building transitioned from sagging- to
hogging-controlled behavior, regardless of the LLD level. Elastic structural responses in terms of
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secant angular distortion were always larger than those computed using nonlinear-inelastic
approaches. Recall that excavation-induced movements in buildings can result in the formation of
plastic hinges in beams possibly reducing their structural capacity to withstand additional loading.
This can be seen in the figure as the nonlinear-inelastic response deviate from the elastic response
after beams start plasticizing as the excavation advances. Buildings designed for low LLD showed
the largest difference between elastic and inelastic response as they developed the largest plastic
deformations in the building. Analyses that neglect the inelastic behavior of beams and columns
can lead to misleading structural responses in terms of damage and formation of plastic
mechanisms in core structural members of the building.
Results showed how the secant angular distortions changed as the building footprint was
partially or fully located within the PIZ of the excavation. Building with footings over the SIZ (i.e.,
3d/PIZ > 3) were less prone to tilt during the excavation and developed lower differential
settlements than those with footprints fully supported within the PIZ. Further details can be found
in Chapter 6 and Figure 57). In general, the vertical structural response depended on the location
of the building within the PIZ of the excavation, stiffness of core structural members (i.e., beams
and columns), and the underlying settlement trough.
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Figure 71. Vertical structural response to deep excavations for MRF buildings designed for low, mid, and high LLD

169

Vertical Building Stiffness Concept
Methodologies used to determine the structural stiffness of MRF buildings when subjected
to excavation-induced movements are based on assumptions that core structural members remain
elastic, forces are not internally redistributed, and flexural behavior controls the global structural
response. Goh and Mair (2014) reformulated the flexural rigidity equation of Meyerhof (1953) for
rigidly connected frame structures to include the contribution of columns to the overall response
of the building. However, the authors did not account for the nonlinear-inelastic behavior of beams
and columns and ignored the gravity loads in the building required for an accurate description of
internal force redistributions and formation of inelastic mechanisms. Other authors (i.e., Potts and
Addenbrooke 1997; Son and Cording 2005; Giardina et al. 2015) have presented relative stiffness
ratios between soil and structure, mostly for bearing-wall structures, including soil-structure
interaction effects but ignoring the inelastic behavior of the structure and the stiffness degradation
of the building. To the author’s knowledge, there is not a methodology that considers the
abovementioned effects to determine the dimensionless vertical structural stiffness, Kv of MRF
buildings.
In this dissertation, Kv is defined as the resistance offered by MRF buildings to excavationinduced settlements, computed as the slope defined between the initial and final points of the
curves presented in Figure 71. Table 18 lists the values of Kv computed for buildings designed for
low, mid, and high LLD considering both elastic and nonlinear-inelastic behavior of the buildings.
Note that elastic Kv values were, in average, approximately 1.4 times larger than those computed
accounting for the plastic behavior of the cross section of beams and columns. Also, buildings
designed for low LLD had average computed values of Kv approximately 2 and 3 times lower than
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those designed for mid and high LLD, respectively when nonlinear-inelastic approaches are
considered. Elastic values of Kv were approximately 1.5 and 2 times lower than those designed for
mid and high LLD, respectively. Differences between both elastic and inelastic behaviors highlight
the importance of accurately modeling the behavior of beams and columns in buildings affected
by nearby excavations.
Table 18
Dimensionless vertical structural stiffness for buildings designed for low, mid, and high LLD
Low LLD
3d/PIZ H/L Elastic Inelastic
0.5
0.5
23.5
10.5
0.5
1.0
20.2
10.1
0.5
1.5
20.4
9.2
1.0
0.5
11.5
6.7
1.0
1.0
10.3
6.7
1.0
1.5
10.9
7.4
1.5
0.5
18.6
10.7
1.5
1.00 17.3
11.2
1.5
1.5
16.1
11.4

Mid LLD
Elastic Inelastic
29.5
24.0
29.9
26.0
21.4
18.1
17.7
13.5
15.0
13.4
22.8
11.7
29.8
23.2
26.2
23.4
23.2
18.5

High LLD
Elastic Inelastic
38.8
33.0
31.6
30.4
27.7
23.2
27.7
22.7
21.8
21.5
23.8
19.5
47.3
40.9
39.4
38.5
40.4
32.6

An expression that allows the analyst to determine the resistance offered by MRF buildings
to excavation-induced settlements (i.e., Kv ) is presented in Figure 72. The figure shows the
variation of Kv in terms of the location of the building within the PIZ of the excavation, 3d/PIZ,
fundamental elastic period of the building, T, the structural aspect ratio, H/L and the deflection
ratio at hogging computed under free-field conditions, DRh0 . T is viewed as a mass-stiffness
relationship that also is used as a way to quantify the flexibility of the building to lateral loading.
These variables were used to best fit normalized vertical structural vertical stiffness using the data
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listed in Table 18. The figure in the horizontal axis presents a variable,  developed from
dimensional analyses of the parameters that describe the variation of Kv .

Figure 72. Computed variation of Kv for MRF buildings expressed in terms of  for (a)
nonlinear-inelastic structural response, and (b) elastic structural response.

Figure 72 shows an expression that can be used directly to estimate Kv for basal and
retained soils in terms of the parameter  as follows:

Kv = a and Kv = a

1 3d H
DRh 0
T PIZ L

(20a and b)

where a denotes a fitting constant defined by the type of behavior controlling the building during
the excavation as it was presented in Figure 70(a) and (b). DRh0 is expressed in percentage. Values
of a equal to 668 and 140 for a nonlinear-inelastic building and equal to 1006 and 198 for elastic
building response were found for sagging- and hogging-controlled behaviors, respectively.
Data points presented in Figure 72 were divided into two groups according to the building
response to excavation-induced settlements. Parameters selected for the determination of Kv
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resulted in a linear fitting expression as a function of two building geometric parameters, two
properties of the settlement trough under free-field conditions, a variable denoting the building
location, and a structural flexibility property (found to be inversely proportional). Coefficients of
determination larger than 95% were found. For practical applications, Eq. (20a and b) provides a
good preliminary estimation of the resistance of MRF buildings to excavation-induced movements
when advanced numerical tools are not available.
Figure 73 shows the MF of 27 nonlinear-inelastic MRF buildings computed at the last stage
of the excavation. Hogging and sagging deformation modes were computed for each building.
Ratios of 3d/PIZ and H/L of 0.5, 1.0, and 1.5 were used in the figures.

Figure 73. Variation of MF with respect to nonlinear-inelastic Kv computed for mode of
deformations: (a) hogging and (b) sagging.

Values of MFs could not be computed for buildings located at 3d/PIZ = 1.5 as the inflection
point of the settlement trough under free-field conditions was near the edge of the building and led
to negligible values of DRs0 . Note that differences between the location of inflection points in the
settlement troughs computed under free-field conditions and with an adjacent building, led to MF
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larger than one despite lower settlements were obtained in the building than under free field
conditions (i.e., stiffening effect), especially for buildings with hogging deformed modes. Values
of MFs or MFh larger than one indicates that the sagging or hogging zone, respectively, defined by
the settlement trough increased in relation with free-field conditions.
The set of expressions plotted in Figure 73 have the form presented in Eq. (21) with
coefficient, A, and power, b, varying from approximately 1.2 to 5.5 and -0.15 to -0.5, respectively,
depending on the building location. These expressions are insightful to describe the nonlinearinelastic response of MRF buildings. Eq. (21) is derived herein to directly estimate the influence
of building stiffness in the excavation response and determine MF for sagging and hogging mode
of deformations.

MF = A ( K v )

b

(21)

Similarly, Figure 74 shows the MF values for sagging and hogging modes of deformation
computed at the last stage of the excavation and presented as a function of Kv considering a linearelastic building behavior. The figure was obtained with MRF buildings with 3d/PIZ and H/L of
0.5, 1.0, and 1.5.
Expressions that best fitted the data points presented in the figure had the same form of Eq.
(21) with values of A and b ranging from 1.5 to 27 and -0.25 and -0.9, respectively. Linear-elastic
response of MRF buildings resulted in lower values of MF than those considering a nonlinearinelastic behavior, underpredicting the building response. Linear -elastic structural models cannot
accurately compute the response of MRF buildings to excavation-induced movements. The
formation of inelastic mechanisms reduces the capacity of the building to support additional
vertical shearing forces leading to larger DR and deformations.
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Figure 74. Variation of MF with respect to elastic Kv computed for mode of
deformations: (a) hogging and (b) sagging.

Figure 75 presents the DR computed for sagging and hogging deformation modes as a
function of the maximum  values obtained at the end of the excavation. Further details can be
found in Chapter six. Results show how  gradually increased with the DR. Buildings were highly
affected by the sagging mode of deformation causing larger plastic deformations and  values
than those computed for hogging. The figure also shows expressions that best fitted the DR
computed for MRF building with values of 3d/PIZ and H/L of 0.5, 1.0, and 1.5 and designed for
low, mid, and high LLD. These expressions, alongside with those presented in Figure 73 and Eq.
(20a and b), can be used to estimate excavation-induced response of MRF buildings in terms of
parameters like T, 3d/PIZ, H/L, and DR.
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Figure 75. Computed DR as a function of the  for mode of deformations: (a) hogging
and (b) sagging.

Proposed Method
A methodology is proposed in this section to assess the excavation-induced response of
MRF buildings in terms of shape and distribution of the settlement trough and the fundamental
elastic period and geometric configuration of the building. To the author’s knowledge, a method
to estimate the vertical structural stiffness and response in terms of these variables has not been
proposed despite numerous past research efforts on numerical analyses of bearing-wall and MRF
structures next to excavations (e.g., Boscardin and Cording 1989; Potts and Addenbrooke 1997;
Son and Cording 2005; Goh and Mair 2014). Currently, the analyst must rely on
oversimplifications or idealizations of soil and building response to excavation unloading that are
based on equivalent beam methods that do not consider explicitly the redistribution of internal
loads, gravity loads acting on structural members, and localized formation of plastic hinges.
Uncoupled modeling approaches that superpose the excavation settlement trough and the building
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response do not capture the nonlinear evolution of the ground movements computed during stage
construction sequences.
Figure 76 presents a flowchart for the application of the proposed method during the
preliminary design phases of a project for the evaluation of structural performance of MRF
buildings and determine whether vertical shear demand could trigger plastic deformations
damaging core structural members. The procedure described in the flowchart was determined from
the numerical parametric analyses performed in chapter six and herein for the proposed archetype
excavation models.
The proposed method requires the calculation of the excavation settlement trough under
free field conditions and the structural analysis of the building. Initially, in situ soil conditions
must be defined to accurately determine the effective stress field, groundwater regime, and
summarized soil profile at the site and to properly compute the excavation-induced settlement
trough. Chapter four presented a method to preliminary estimate excavation-induced ground
movements under free field conditions and partially drained conditions as an alternative to other
numerical analysis and classical methodologies such as those presented by Clough et al. (1989),
Hsieh and Ou (1998), and Ou (2006).
The PIZ and DR for sagging and hogging deformation modes (see Figure 69) must be
carefully defined as well as the fundamental elastic period, T, the height, H, and width, L, of the
building. Then, the normalized location of the building, 3d/PIZ, and the structural aspect ratio,
H/L, are determined. After defining required input building and excavation properties and
parameters, the controlling deformation mechanism in the building is determined according to its
location with the PIZ as presented in Figure 70 and the variable  is computed using Eq. (20a and
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b). Figure 72 or Eq. (21) can be used to estimate the vertical stiffness, Kv associated with the
building resistance to excavation-induced settlements and controlling modes of deformation.

Figure 76. Flowchart of the proposed method for estimating fully coupled response of
excavations.
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Next, the MFs and MFh are determined based on the Kv value to obtain the DRs and DRh
due to the interaction between the building and the excavation. The nonlinear-inelastic response
of the building can be obtained in terms of the maximum  computed in the building using Figure
75. For  -values lower than 1, elastic analyses can be used, otherwise nonlinear-inelastic analyses
would be recommended. If the conditions required for elastic analysis are satisfied, the ground
surface settlement response can be used to determine the level of structural damage in the building
based on simplified approaches (e.g., Finno et al. 2005; Son and Cording 2011; Goh and Mair
2014). Otherwise, it is recommended to: (i) perform numerical analyses that accounts for the
nonlinear-inelastic behavior of the building and the soil-structure interaction between the building
and the excavation, (ii) reduce the excavation-induced ground movements (e.g., improve in situ
soil conditions or enhance bracing system of the excavation to prevent further lateral
deformations), or (iii) increase the vertical stiffness of the building.
The proposed method is intended to inform the design process on: (i) the definition of the
appropriate deformation modes controlling the structural behavior, (ii) the influence of the building
to the excavation response, (iii) the resistance offered by the superstructure to the excavationinduced settlements, (iv) the level of mobilized ductility in the building in terms of the beam
curvature, and (v) the definition of the conditions required for the performance of elastic or
inelastic analysis. Especial attention should be paid to construction-related factors that are beyond
the capabilities of the proposed method that will drastically change expected performance,
including: wall installation process, construction technique (i.e., poor workmanship), construction
and removal of deep foundations or other underground structures, overexcavation, wall
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settlements, changes in groundwater conditions, removal of bracing levels during the excavation,
time-dependency problems in structural materials, among others.

180

CHAPTER EIGHT: SUMMARY, CONCLUSIONS, AND FUTURE WORK
Summary
Chapter two presented a technical background on ground movements and nonlinear
response of buildings induced by excavations in glacial clay deposits and soft-to-medium clay
profiles. The literature review included ground deformations, time dependent effects of concrete,
influence of drainage conditions, and numerical modeling of excavations. An additional section
was presented focused on the behavior of masonry infilled wall and cohesive behavior of mortar
joints.
Chapter three presented the numerical simulation of an urban cofferdam excavation braced
with a concrete bracing system. The results and conclusions obtained are based on the model
results and the assumption that the physical mechanisms described are reflected in the inclinometer
data. Two advanced constitutive models, Shotcrete and Hypoplasticity for clays, were adopted in
a two-dimensional numerical model developed to investigate the effects of concrete time
dependency, temperature, and bracing installation on the excavation performance of an urban
cofferdam braced with concrete ring beams.
Chapter four presented the development of a method for estimating the fully coupled solidfluid behavior of deep excavations in clays, which characterizes the fully coupled excavation
response using two parameters: ER/k and . The method was derived from an extensive finite
element parametric study carried out in PLAXIS2D using an archetype excavation in soft-tomedium clays. The fully coupled response of the excavation was performed using Hypoplasticity
clay model to account for the nonlinear soil behavior coupled with Biot’s theory to account for the
effect of pore water pressure in the soil compressibility.
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Chapter five presented the numerical framework for modeling deep excavations and nearby
moment-resisting buildings in OpenSees. The nonlinear response of the excavation support system
was modeled using the distributed plasticity method, while lateral bracing system was modeled
with a unit-truss uniaxial material element, ElasticPP. The soil behavior was modeled with the
PDMY model using a fully coupled solid-fluid formulation to capture dissipation and
accumulation of excess pore water pressures. The use of the proposed DC-QSA framework was
illustrated with a 12-m braced excavation performed in a stage construction scheme. The proposed
DC-QSA can be employed in other geotechnical applications involving fully saturated soils and
nonlinear-inelastic structural members.
Chapter five also presented the implementation of a novel traction interface for the
connection between soil and foundation. This interface allowed the relative vertical displacement
that occurs due to the gravity forces acting on the structural members to accumulate during the
excavation. Results confirmed the assumption that initial gravity forces acting on buildings can
lead to more flexible responses, developing settlement profiles similar to those computed under
free-field conditions. The influence of soil-structure interaction was more notable for buildings
located close to the excavation, especially for those placed on the concave upward settlement
profile. Differential settlements between foundations were only obtained when the soil-structure
interaction effects were included in the numerical model. Finite-element analysis ignoring these
effects can lead to the prediction of an incorrect and rigid response, which in turn, can cause
misleading interpretations of inelastic mechanisms in the structure.
Chapter six presented the nonlinear-inelastic response of RC MRF buildings adjacent to
deep excavations. A parametric study was conducted using OpenSees to account for the effects of
the excavation in the internal force redistributions of structural members, excavation-induced
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lateral and vertical distortions, coupled solid-fluid behavior of soils, coupled interaction between
soil and structure, and nonlinear-inelastic structural behavior of the building. The PDMYM and
PIMYM were used to simulate the nonlinear-inelastic response of the soil, while a quasi-static
analysis was used to account for the solid-fluid behavior of soils. The distributed plasticity
approach was employed to reproduce the post-yielding behavior of columns and beams.
Chapter seven presented the development of a methodology for estimating the excavationinduced response of MRF buildings and vertical stiffness, Kv associated with the building
resistance to excavation-induced settlements. The method uses the location of the building within
the primary influence zone, PIZ, the fundamental elastic period of the building, T, the structural
aspect ratio, H/L, and the underlying settlement troughs to describe the vertical structural response.
The MF and DR for sagging and hogging deformation modes were used to define the influence of
the building on the excavation and the mobilized inelastic ductility of the building, respectively.
A flowchart is presented to illustrate step by step the application of the proposed method.
Conclusions
The numerical results were compared versus observed performance data in Chapter three
and the following conclusions can be drawn:
1. Small differences between computed and observed lateral wall movements were found.
The largest difference was observed at end of RB 6 placement. This is attributed to
modeling limitations under axisymmetric conditions associated with large
accumulation of excavated material near the cofferdam resulting from the perimeter
pile wall installations.
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2. Concrete time-dependent effects represented approximately 30% of the maximum
lateral wall movements of the cofferdam excavation. If field performance data are used
to calibrate constitutive model parameters, especially those at small strains, the effects
presented in Chapter three become important and they need to be accounted for in the
calibration.
3. Aging was the predominant concrete time-dependent effect. This is more important
than creep and shrinkage because of the rapid excavation sequence followed during the
cofferdam excavation and delays in the activation of ring beam bracing stiffnesses.
Concrete ring beams in urban cofferdams have their stiffness mostly derived from the
compressive strength of the material, which needs to be carefully controlled and
evaluated as a time-dependent process.
4. Concrete curing and installation effects were numerically modeled as a slight delay in
the excavation sequence. These effects coupled with low temperatures during concrete
curing caused approximately 25% of the computed maximum lateral wall
deformations. A concrete ring beam can resist excavation-induced earth and water
pressures only when its circular shape is completed, and concrete is allowed sufficient
time to cure. Only then should the excavation progress. Also, the compressive strength
of concrete reduces when concrete is exposed to low temperatures, particularly at early
concrete ages, and the time to reach 100% concrete maturity is almost twice the
corresponding time under ideal curing conditions.
5. The maximum concrete compressive strain computed with the base model was
approximately 70% larger than that ignoring the effects studied in Chapter three. Based
on the numerical model, approximately 40% of the peak concrete compressive strains
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and 70% of the concrete compressive strength were mobilized. From an ultimate
strength design perspective, this result proves that the structural integrity of the bracing
system was never compromised. However, deep excavations should be designed from
a deformation-based approach to assure integrity of adjacent urban infrastructure.
Stiffness degradation of the concrete material, associated with large values of
mobilized concrete strains, might result in ground movements beyond the strict limits
imposed by local regulatory agencies to protect subsurface structures and utilities.
6. Published relationships between the angular distortion and settlement-induced damage
show that values larger than 1/300 (1/250 computed with the base model) would
potentially cause serviceability problems in adjacent structures. Considering
temperature, curing time, installation sequence, and time-dependent effects of concrete
bracings in the design process is crucial to the performance of deep excavations.
Excavation designs ignoring the proposed effects would potentially cause damage to
nearby urban infrastructure.

Based on the numerical simulation performed to study the fully coupled response of deep
excavation in soft clays, the following conclusions can be drawn:
1. For the conditions evaluated in this chapter, bounding limits of v,max ⁄h,max were
computed as 0.6 and 2.0. Values of v,max and h,max computed for ER/k ratios larger
than approximately 200 were completely contained between v,max ⁄h,max equal to 0.6
and 0.7. Large dispersion of v,max ⁄h,max ratios was computed for ER/k values toward
the drained limit. The inverse relationship between v,max and v,max was mostly
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attributed to downward flow conditions reached in the active (or retained) side of the
excavation caused by low values of ER/k (i.e., less than 10). The ratios of v,max ⁄h,max
presented in Chapter four based on 138 numerical simulations were consistent with
those reported in state-of-the-art excavation databases.
2. Excavations with predominant soil behavior controlled by ER/k ratios toward
undrained limits (i.e., ER/k > 104 or  larger than 0.3) resulted in similar normalized
ground surface settlements regardless of -values computed at basal soils. Results
obtained herein showed large differences in volume changes of the soil mass when
computed values of  and ER/k were approximately less than 0.3 and 104, respectively.
Under such conditions, fully coupled analyses were recommended to determine ground
deformations, unless the excavation was performed under very slow excavation rates
so that drained conditions are justified. Under the conditions evaluated in Chapter four,
a drained analysis should suffice when ER/k < 10 or negligible -values for the basal
soils are caused by the excavation unloading.
3. Normalized ground surface settlements were highly affected by the stiffness of the
excavation support system. A rigid support system reduced v,max ⁄He by 40% with
respect to that obtained for a flexible excavation support system. However, the stiffness
of the excavation support system had a negligible effect on the -values computed at
basal soils for the same ER/k ratios.
4. The fully coupled response analyses indicated that negative ue -values and ground
movements induced during excavation activities are a function of two main parameters:
ER/k and B/z. The −values when expressed in terms of both parameters fitted well
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the results obtained from the finite element runs. The values of v,max computed for
flexible and rigid support systems were reduced to a single expression when they are
UD
parameterized with respect to the undrained excavation response, v,max
. This

parameterized relationship and the ratio v,max ⁄h,max showed large degree of
dependency on the parameters ER/k and .
5. The proposed method adequately described the pore water pressure buildup and
excavation-induced ground deformations for the selected case histories as reflected by
coefficients of determination larger than 0.92. Most computations were within 20% of
the measured values.

Based on the results obtained from the numerical model of MRF building placed next to a
deep excavation, the following conclusions can be drawn:
1. Settlement trough differences with respect to free-field conditions were less noticeable
as the building was placed partially over the SIZ. Footings bearing on the SIZ provided
additional resistance against tilting and vertical ground movements induced by the
excavation, causing a hogging deformed shaped at the base of the building.
2. Buildings with footings placed within the SIZ developed large relative settlements,
triggering large shearing forces and large angular distortions in the superstructure. The
degree of structural redundancy and ductility of typical MRF allowed the buildings to
achieve large localized displacements in the form of plastic deformations. These
mechanisms cannot be captured by equivalent beam methods or numerical models that
superimpose free-field analyses to the structural response.
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3. Buildings with bays located over the sagging zone developed the largest angular
distortions among all cases, especially those designed under low and mid LLD.
Buildings designed for high LLD were capable of resisting larger excavation-induced
vertical shears, resulting in lower deformations than those computed for buildings with
low and mid LLD. Maximum angular distortions varied from 1/170 to 1/330 exceeding
the thresholds proposed by Polshin and Tokar (1957), Skempton and MacDonald
(1956), and Meyerhof (1956) to avoid damage in open framed structures.
4. Moment-axial load paths mobilized up to 90% of the section capacity for buildings
designed for low LLD and never reached the peak compressive strength of columns.
Computed load paths were mostly oriented in the horizontal direction as excavationinduced vertical shears and distortions caused large flexural demands in the beamcolumn connections. Columns in buildings designed to withstand three levels of LLDs
following a strong-column weak-beam approach, remained within the elastic region
when they were subjected to vertical shear demands caused by deep excavations.
5. Excavation-induced flexural demands in beams were above or near the yielding limits
of the cross sections for most cases studied in this chapter. Curvatures approximately
up to five times larger than the yielding curvature were computed for buildings
designed for low LLD. The design and analysis of MRF systems are generally
performed under the assumption that LLDs limit the inelastic mechanisms formed in
the building, but ignore that in the event of an excavation, vertical shear forces induce
unexpected levels of axial forces and moments that can plasticize and possibly damage
structural members.
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6. Axial reactions depended on the building location within the settlement profile of the
excavation. In the stage construction scheme of the excavation construction, when
settlement occurred fast in a column, the building experienced a partial loss of support
redistributing the axial force through the girders to remaining columns. This
redistribution of internal forces in the building can only be captured by including acting
gravity forces in the numerical model and the nonlinearity and continuity of the
structural members of the building
7. Only when deep-seated movements started to accumulate during the excavation of soft
and medium clay layers, values of  and  began to gradually increase causing beams
to mobilize their flexural capacity, and in most cases, to reach  values larger than
one and develop plastic deformations in beams. Additional plastic hinges formed in the
inner beams as the excavation approached deeper and more competent clays. This was
attributed to the redistribution of internal forces observed in the columns and beams.
8. An angular distortion of 0.1% (1/1000) and angular drift of 0.03% (1/3000) constitute
a safe limit for linear-elastic MRF response. Beyond those limits, even strong-column
weak-beam approaches to resist moderate to large LLDs resulted in plastic
deformations due to vertical shear demands arising from excavation activities. Enough
reserve capacity in terms of ductility would need to be placed in the beams to guarantee
a successful performance of a building nearby deep excavations.
9. Buildings designed for low, mid, or high LLD developed  values larger than one for
values of  approximately 1/1000, 1/500, and 1/300, respectively. These thresholds,
only based on angular distortion levels, can be preliminarily used as limiting criteria
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for MRF buildings near excavations to avoid the formation of inelastic mechanisms
that can compromise the structural integrity.

Based on the results obtained for the vertical nonlinear-inelastic and elastic response of
MRF buildings, the following conclusion can be drawn:
1. Buildings located at 3d/PIZ lower than one were highly affected by deep-seated
movements, undergoing large vertical shear ratios and large secant angular distortions.
Also, buildings with fully or largely located within the PIZ were more prone to rigidly
rotate, causing that cantilever movements computed at early stages in the excavation
resulted in low vertical shear forces. This response is associated with buildings with
deformed shapes similar to sagging-controlled behaviors which can be characterized
using a sigmoid curve.
2. Nonlinear-inelastic buildings designed for low LLD had average computed values of
Kv approximately 2 and 3 times lower than those designed for mid and high LLD,
respectively. Elastic Kv values were, in average, approximately 1.4 times larger than
those computed considering the plastic behavior of the cross section of beams and
columns. Differences between both elastic and inelastic behaviors highlight the
importance of accurately modeling the behavior of beams and columns in buildings
affected by nearby excavations.
3. Parameters selected for the determination of Kv resulted in a linear fitting equation
expressed as a function of two building geometric parameters, two properties of the
settlement trough under free-field conditions, a variable denoting the building location,
and a structural flexibility property. Coefficients of determination larger than 95% were
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found. For practical applications, this expression provides a good preliminary
estimation of the resistance of MRF buildings to excavation-induced movements when
advanced numerical tools are not available.
4. Nonlinear-inelastic response of MRF buildings resulted in larger values of MF than
those considering a linear-elastic behavior, underpredicting the building response.
Linear -elastic structural models cannot accurately compute the response of MRF
buildings to excavation-induced movements. The formation of inelastic mechanisms
reduces the capacity of the building to support additional vertical shearing forces
leading to larger DR values.
Future Work
A framework to describe the progressive fracture process of quasi-brittle materials based
on a proposed potential energy function is outlined in the next chapter of this dissertation, but the
application for the study of excavations is yet to be implemented. The Cohesive Zone Model
(CZM) is capable of capturing the effects of crack history and path dependency on the fracture
process by including the irreversible cohesive behavior observed during cracking. Two
exponential cohesive laws accounting for the coupled behavior between normal and shear fracture
models and the frictional response of the combined compression and shear tractions are derived as
a function of the dimensionless normal separation and shear slip. The loading and reloading
mechanism are defined according to the irreversible cohesive model described by Ortiz and
Pandolfi (1999). A degradation function is employed to define the fracture frictional behavior
based on the compression-shear response of the cohesive model and the negative hardening
behavior exhibit during monotonic loading. The shear and normal cohesive response are evaluated
and validated using experimental shear and tensile tests presented by Venzal et al. (2020). A good
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agreement between experimental and computed response is obtained. The following chapter
presents further details about the formulation of the CZM and its future implementation in MRF
buildings as masonry walls.
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CHAPTER NINE: FUTURE WORK ON MIXED-MODE AND
FRICTIONAL COHESIVE ZONE MODEL
A framework to describe the progressive fracture process of quasi-brittle materials is
developed based on a proposed potential energy function. Two exponential cohesive laws
accounting for the coupled behavior between normal and shear fracture models and the frictional
response of the combined compression and shear tractions are derived as a function of the
dimensionless normal separation and shear slip. The loading and reloading mechanism are defined
according to the irreversible cohesive model described by Ortiz and Pandolfi (1999). The model
can capture the effects of crack history and path dependency on the fracture process. A degradation
function is introduced to define the fracture frictional behavior based on the compression-shear
response of the cohesive model and the negative hardening behavior exhibit during monotonic
loading. Validation and evaluation of the mixed mode formulation are made with experimental
shear and tensile tests presented by Venzal et al. (2020). Shear and normal traction responses
obtained with the proposed methodology matched reasonably well the average experimental
response.
Cohesive Zone Model
Cohesive zone models (CZM) describe the progressive fracture process observed in
structures (e.g., cement-based materials) as the physical separation of two solid bodies. The energy
dissipated during the formation of the cracked zone is idealized as a two-dimensional failure
mechanism and characterized by stress (i.e., traction) relative displacement (i.e., slip-separation)
laws that describe the cohesive forces resulting from the fracture process. The use of this
methodology in finite element frameworks has been important to avoid stress singularities and to
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reduce the computational cost associated with modeling the high nonlinear and plastic behavior of
the fracture (Bažant and Planas 1997).
Coupled Shear and Normal Cohesive Law: Mixed Mode Behavior
The constitutive law adopted in this research is characterized by an exponential relationship
between relative displacement, traction, and strength in the normal and tangential (i.e., shear)
directions. This equation is based on the work presented by Xu and Needleman (1993) and van
den Bosch et al (2006) for interfaces based on debonding and delamination decohesion processes.
The following equation shows the proposed potential energy function expressed in terms of the
̅n = n ⁄n and shear slip, 
̅t = t ⁄t . This function defines the
dimensionless normal separation, 
energy release rate and coupled normal and shear response of the fracture process, also referred as
the mixed mode cohesive law.

(

)

 ( n , t ) = 0 1 − (1 + n ) 1 +  t e−n e

n =

n

n

and

t =

t
t

−  t




(22)
(23a and b)

where,  and  are two positive constant parameters for the normal and shear potential energy,
respectively, 0 is the total potential energy of the fracture, n is the normal separation (mode I),
t is the shear slip (mode II), and n and t are the characteristic separation of the fracture (i.e.,
relative displacement at maximum traction). These parameters control the failure mechanism of
the material by defining the separation work and the traction softening (i.e., crack growth)
exhibited during the fracture progress.
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The constitutive cohesive relationship between traction and relative displacement can be
̅ n and 
̅t , as presented in
defined by the derivative of the potential energy function with respect 
̅t in Eq. (19) and 
̅n in Eq. (20) are
Eqs. (24-(25). Note that mode I and II are obtained when 
neglected.
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= Tn (  n , t ) =  2 n  n 1 +   t e− n e t
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n

(24)



− 
= Tt (  n ,  t ) =  2 t  t (1 +  n ) e− n e t
t
t

(25)

(

)

where n and t are the areas under the normal and shear traction-relative displacement curves, or
the work required for a complete separation of two solid bodies under pure fracture modes I and
II, respectively.
Eqs. (24-(25) are intended only to capture the progressive fracture mechanism of
quasibrittle structures as a result of shear and tensile stresses. For compatibility purposes only, the
̅n ) is given
cohesive response of the material under compressive stresses (i.e., negative values of 
by Eqs. (26-27). These equations are based on the decoupled traction-separation relationship, using
a linear and an exponential equation for normal and shear directions, respectively.

Tn (  n ) = kcmp  n
Tt ( t ) =  2

t
− 
t e
t

(26)
t

(27)

where kcmp is a stiffness factor that can be adjusted according to the target compressive behavior.
Eqs. (28-(29) shows four expressions to determine the characteristic separation and the
separation work in order to determine the cohesive traction behavior described by Eqs. (19-20).
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These equations can be used directly to calibrate the normal and shear response of quasi-brittle
materials under controlled laboratory conditions, e.g., pullout and direct shear tests, respectively.
These laboratory tests have been successfully used in the past to obtain n , t , n , and t . of brick
prisms, mortar blocks, and concrete cylinders (Atkinson et al. 1989; Mehrabi et al. 1996; Mehrabi
and Shing 1997; Venzal et al. 2020).


1 
e
Tn  n = , 0  = Tn ,max and n =  n Tn,max

 n  

(28a and b)

 
1
e
Tt  0, t =   = Tt ,max and t =  t Tt ,max


 t

(29a and b)

where Tn,max and Tt,max are the peak tensile and shear cohesive strengths of the material.
Figure 77 shows the CZM derived in Eqs. (19-20) when subjected to fracture modes I and
II. The traction stresses are normalized to the peak cohesive strength of the material and they are
̅ n and 
̅t . Curves presented in each subfigure were computed for values
presented as a function of 
of  and  between 0.5 and 2. Values of  and  were assumed as one and were kept constant for
all the curves. The figure also shows how  and  control the response of each cohesive traction
laws. Both constants dictate the magnitude of the work required for complete separation and
normalized deformation at which the peak cohesive strength occurs. This can be observed in the
figure as  and  caused the decoupled cohesive curves to change in shape by increasing the area
enclosed within the curves.
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Figure 77. Normalized CZM for fracture modes I and II: (a) shear traction versus slip
for selected values of , and (b) normal traction versus normal separation for selected
values of .

Figure 78 illustrates the response of the adopted mixed-mode CZM when subjected to
monotonic increasing displacement. In the figure, the traction stresses are normalized to the peak
̅n and 
̅t .. Values of one were
cohesive strength of the material and are presented as a function of 
assumed for    and  to compute the curves in the figure. Curves presented in each subfigure
were computed by keeping constant one relative deformation, either in the normal or shear
direction, while the remaining was varied from zero (i.e., decoupled behavior) until four times the
̅n and 
̅ t equal to 4). Results showed how the peak cohesive strength and
characteristic length (
the work required for complete separation decreased when both fracture modes were considered
in the response. Note that the location of the peak cohesive strength was not affected by the mixed
mode formulation and was equal to 1/ and 1/ as illustrated in Figure 78(a) and (b), respectively.
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Figure 78. Mixed mode cohesive behavior: (a) shear traction versus slip for selected
̅n and (b) normal traction versus normal separation for selected values of 
̅t
values of 

̅n and
Figure 79 shows the variation of the shear and normal traction as a function of the 
̅t , respectively. The figure was computed for values of    and  equal to one. The traction
slip for fracture mode II (Figure 79a) and traction-separation curves for mode I (Figure 79b) are
included in each subfigure to illustrate the variation of the cohesive strength as the relative
displacement is changed from 0.25 to 4.0. Maximum tractions are denoted using squared points in
̅ n and 
̅ t equal to zero for a decoupled cohesive behavior. These points are also
the curves at 
located in the traction-slip and traction-separation curves presented in each subfigure. Results
̅ n and 
̅t changed from 0.25 to 1, reaching the
show how the cohesive strength increased as 
maximum cohesive strength, Tt/Tt,max = 1. After this point, the exponential decay implemented in
the CZM caused the cohesive strength to rapidly reduce until negligible values were obtained at
̅n and 
̅t larger than 4. This can be observed in Figure 79(a and b) as values of 
̅n and 
̅t change

̅ n (i.e., compression) did
from 0.25 to 4 in the subfigures. On the other hand, negative values of 
not affect the response of the shear traction, and constant values of Tt/Tt,max were obtained.
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Figure 79. Mixed mode cohesive behavior: (a) shear traction versus slip for selected
̅n and (b) normal traction versus normal separation for selected values of 
̅t
values of 

The work required for complete separation in the direction of normal and shear tractions
depends on the evolution, path, and direction of the relative displacement. The following equation
denotes the total work resulting from the fracture process described in Eqs. (19 and 20).
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where W is the mixed-mode work after complete separation or normalized separation energy.
An additional relationship can be derived to describe the path and direction of the relative
displacement of the fracture process in the CZM. Eq. (26) shows the angle of inclination, 
̅n and 
̅t .
obtained in terms of 

 
 = tan −1  n 
 t 

(31)

Figure 80 shows the influence of the mixed-mode CZM in the separation energy obtained
in Eq. (25) for values of n ⁄t equal to 0, 0.25, 0.5, 1, 2, 4 and ∞. Values of 0 and ∞ correspond
to the upper and lower bound solutions of Eq. (25) and denote the fracture modes I and II,
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respectively, regardless of the value of . Intermediate values of n ⁄t enclosed within the shaded
region transitioned from mode II at  = 0 to mode I at  = 90. Values between 0 and 90 were a
product of a mixed-mode fracture process in the interface.

Figure 80. Mixed mode cohesive behavior as a function of the angle of inclination, 

Ratios of n ⁄t lower than one decreased the normalized separation energy as the 
increased. Conversely, ratios of n ⁄t larger than one increased the normalized separation energy
as the  increased. The ratio n ⁄t dictates the fracture mode that controls the behavior during the
fracture process. Ratios larger than one would induce a response mostly controlled by mode I
rather than II, and vice versa. Note also that same normalized separation energies were obtained
̅n was equal to 
̅t (i.e.,  = 45) for all values of  ⁄ . At this point, both normal and shear
when 
n
t
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relationships are subjected to same relative displacement in both directions mobilizing the same
magnitudes of normalized separation energy.
Irreversible Cohesive Law
The unloading and reloading mechanism adopted in this chapter is based on the work
presented by Ortiz and Pandolfi (1999) and Kregting (2005) on irreversible cohesive behavior
observed during cracking of quasi-brittle materials during loading and unloading sequences. Ortiz
and Pandolfi (1999) found that the inclusion of the irreversible behavior in a cohesive model led
to a more realistic description of the crack growth process, especially for dynamic fracture
applications. This behavior is employed to define the reloading response based on the mixed-mode
formulation of the CZM presented in Eqs. (19 and 20), including the crack history and path
dependency of the fracture.
It is assumed that during unloading, the traction-slip and traction-separation laws will
follow a path toward the origin, proportionally decreasing t and n . During reloading, the crack
history and path dependency of the fracture will control the cohesive response based on the latest
state of the fracture. This is included in the formulation by introducing two new parameters: the
effective opening displacement, eff and the maximum separation, max as presented in Eqs. (27)
and (28), respectively. eff defines the traction-slip-separation path while max tracks the evolution
of the fracture as the relative displacement increases (i.e., crack history). The latter is updated to
the maximum value of eff as fracture progresses as follows:

 eff2 = (  t ) +  n2
2

(

max = max eff

i =1

, eff

i =2
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,..., eff

(32)

i

)

(33)

where  is a constant parameter that defines the relative degree of reversibility between normal
and shear separations.
Unloading and reloading conditions occur in the CZM when eff changes to values lower
than max . When eff decreases, max remains unchanged and equal to the maximum value recorded
in the crack history, becoming larger than eff . This condition is also satisfied during reloading as
long as eff is lower than max . It is worth mentioning that monotonic loading conditions yield
same values of eff and max .
Shear and normal traction during unloading conditions (i.e., eff < max ) are obtained by
linear interpolation between the current traction and the origin as presented in Eq. (29 and 28).

Tnunl =




Tn  max  n , max t 

 max   eff
 eff


(34)

Tt unl =
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eff
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eff

eff

Figure 81 illustrates the mixed mode loading, unloading, and re-loading behavior adopted
for the CZM including the irreversible behavior proposed by Ortiz and Pandolfi (1999) and
Kregting (2005). Figure 81(a) shows the loading envelope defined by Eqs. (29) and (30). The slipseparation path is denoted in the figure by the letters a, b, c, and d. Figure 81(b and c) shows the
normal traction-separation and shear traction-slip relationships subjected to initial loading
(between a and b), unloading (between b and a), reloading (between a and c), and a final loading
path (between c and d).
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Figure 81. Mixed mode loading, unloading, reloading: (a) loading envelope; (b) normal
traction and separation; and (c) shear traction and slip. Adapted from Kregting (2005).

The figure shows how the initial loading path defines the first envelope denoted as a dashed
line in Figure 81(a). This envelope will control the irreversible cohesive behavior during reloading
following the mixed-mode formulation presented in Eqs. (19 and 20). Once the unloading is
completed (i.e., point a), reloading is initiated gradually increasing eff until the dashed enveloped
is reached at point c in the figure (max = eff ). At this point, values of t and n differed from
those computed at the end of initial loading path (i.e., point b) since the angle of inclination at
which loading and unloading occurred was increased during reloading. The subsequent loading
path, denoted between points c and d, caused the cohesive model to display a different response
from the one obtained under the initial loading.

Combined Compression and Shear Traction Response: Friction Mode
During compression loading, an additional traction caused by friction must be considered
to describe accurately the behavior of the CZM of quasi-brittle materials (Atkinson et al. 1989;
Mehrabi et al. 1996; Bažant and Planas 1997; Mehrabi and Shing 1997; Venzal et al. 2020). Eqs.
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(31 and 32) shows the Coulomb’s frictional behavior adopted in this chapter. The friction traction
̅t ).
depends on the normal stress, , on the friction coefficient, , and degradation function, (
This degradation function is based on the work presented by Venzal et al. (2020) for quasi-brittle
fractures.

T =  ( t ) 
Tt unl ( 0, t )
 ( t ) = 1 −

t
kt ,0

(36)

(

= sgn ( t ) 1 − e

−  t

)

(37)

Where kt,0 is the initial stiffness of the decoupled and fracture mode II.
The coupled shear-friction cohesive law is computed as the superposition of Eq. (20) and
Eq. (31) as presented in Figure 82. This figure shows shear, friction, and coupled traction as a
̅t . The vertical axis is normalized to the peak shear cohesive strength. The figure
function of 
shows how the friction behavior reached its maximum value when the stiffness of the shear
traction-slip curve becomes zero. The resultant friction-shear traction displays the same response
observed in mortar joints subjected to direct shear test.

Figure 82. Coupled shear cohesive behavior
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Evaluation of Mixed Mode Formulation
The validation and evaluation of the mixed mode formulation presented in this chapter for
the frictional CZM is based on the experimental work reported in Venzal et al. (2020). The authors
performed multiple compression-shear tests in triplet limestone block of 10x10x10 cm3 joined with
two mortar beds with approximately 7 mm of thickness as it is illustrated in Figure 83. The figure
shows the test setup and location of the instrumentation employed by Venzal et al. (2020). This
test was performed to measure the decoupled and fracture mode II of the CZM and the frictional
behavior using compressive stresses of 0.4, 0.6, and 0.8 MPa. Venzal et al. (2020) also presented
a direct tensile test to estimate the decoupled and fracture mode I using a duo of limestones blocks
assembled by a 7-m mortar joint. Figure 84 shows the direct tensile test and location of the
employed instrumentation. Further details about the test setup and instrumentation are presented
in Venzal et al. (2020).

Figure 83. Triplet compression-shear test setup. Taken from Venzal et al. (2020)
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Figure 84. Direct tensile test setup. Taken from Venzal et al. (2020)

Table 19 lists the CZM parameters obtained from the experimental responses presented by
Venzal et al. (2020) for triplet shear and direct tensile tests. Values of  and  equal to 0.18 and
0.057 were computed using Eqs. (23 and 24).
Table 19
CZM parameters based on laboratory responses presented by Venzal et al. (2020)
Symbol
Description
Tt, max Peak shear cohesive strength
T𝑛, max Peak normal cohesive strength

t
n
t
n



Characteristic separation of the fracture for fracture mode II
Characteristic separation of the fracture for fracture mode I
Work-of-separation of fracture mode II
Work-of-separation of fracture mode I
Relative degree of reversibility between fracture modes I and II
Friction coefficient

Units

Value

kPa
kPa
m
m
kPa m
kPa m
-----

330
50
9.6x10-6
4.1x10-6
0.15
0.003
1
0.85

Figure 85 shows the experimental response obtained by Venzal et al. (2020) and the
proposed formulation for fracture modes I and II. For comparison purposes only, the figure also
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includes the computed response using the frictional CZM interface proposed by Venzal et al.
(2020). The figure shows how the shear and normal traction responses obtained with the proposed
methodology matched reasonably well the average experimental response. Differences between
the CZM presented in this chapter and proposed by Venzal et al. (2020) are attributed to cohesive
laws and mixed mode behaviors selected in each formulation. The interface presented in Venzal
et al. (2020) was based on a cohesive law defined using two intervals: an initial elastic-linear
behavior followed by a negative hardening exponential function. The coupling between fracture
modes I and II was accounted for by introducing two criteria for damage initiation and interface
failure and employing the ratio shear to normal plane displacement (i.e., angle of inclination, ).
The CZM proposed in this chapter does not require the use of additional variables and criteria to
account for the mixed mode behavior, and only depends on the fracture normal and shear responses
presented in Eq. (17). Also, the proposed formulation only requires the solution of Eqs. (19, 20,
and 31) to describe the monotonic response of fracture modes I and II, in contrast to the 32
equations presented in Venzal et al. (2020).

Figure 85. Experimental and numerical responses presented by Venzal et al. (2020) and
obtained with the proposed CZM for: (a) fracture mode I and (b) fracture mode II
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